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5ABSTRACT
La s s e  Okkonen
SYSTEMS EVOLUTION OF 
WASTE AND BY-PRODUCT 
MANAGEMENT AND 
BIOENERGY PRODUCTION 
Keywords: geography, systems analysis, evolution, waste and by-product manage-
ment, bioenergy
Evolutionary economic geography provides an inspiring extension to geographical 
systems analysis. The objective of this dissertation is to apply the systems approach 
and theory as an integrative framework of sustainable development, and as a ca-
pable analytical tool in the analysis of evolutionary resource management and en-
ergy production systems in their geographical contexts. The systems investigated 
are waste and by-product management and bioenergy production systems located 
in Finland and Scotland. 
Industrial ecosystem (IE) indicators are constructed for the analysis of waste and 
by-product management. They present both direct and indirect environmental, 
economic and social impacts of local waste management operations. The indicators 
are further applied in scenarios that dynamise the evolution of systems material 
and energy flows towards the balanced environmental, economic and social 
development, i.e. the vision of the industrial ecology. The results indicate that the 
energy use of waste derived fuels in regional cooperation has much potential in the 
development towards the optimal roundput model of industrial ecosystem.
The business opportunities based on local woodfuels are investigated in the 
context of Scottish forestry policy. The evolution of institutional environments 
and arrangements of forest management in the Scottish Highlands enables a new 
type of rural entrepreneurship. The case study of Finnish heat entrepreneurship 
constructs a heat energy business model, including both the business architecture 
for product/service flows and the earning logics.
Finally, a synthesis of the evolution of natural resource management systems 
is presented. The evolution process has many geographical contingent conditions, 
such as resources, technologies, institutions and organisations. Together with 
general socio-economic mechanisms, they affect the actors in spatial economic 
processes and interactions. Realisations of the system evolution are structures 
of economies, economic landscapes of production and consumption, and 
environmental, economic and social impacts of development.
PREFACE
 
This dissertation work started already in 2003 as I had an opportunity to work for 
the Regional Industrial Ecosystem Management (RIEM) project at the University 
of Joensuu, Department of Business and Economics. At that time, the first paper 
of this dissertation was prepared as a joint work together with Dr. Jouni Korhonen 
and Dr. Ville Niutanen. 
The RIEM project introduced me to waste and by-product management and 
numerous hours were used to calculate the impacts of different types of waste 
management options. My supervisor (in both MSc and PhD studies) Professor 
Markku Tykkyläinen, as well as discussions and project meetings with the RIEM 
project team have contributed a lot to the industrial ecosystem (IE) indicators. 
The first application of the developed IE indicators was in Satakunta regional 
waste management, published in Clean Technologies and Environmental Policy 
(CTEP) in 2004.
Pielinen Karelia waste management system was firstly studied in my Masters 
thesis in 2004, which I later decided to utilise as a basis for a scientific research 
paper. The help from the technical department of City of Nurmes and especially 
the Pielinen Karelia waste management project were significant for me to obtain 
research data. In addition, there are many persons in the field who have provided 
me with detailed information on how waste is managed and processed. The 
Pielinen Karelia case provided me an opportunity to test IE indicators and open 
up their methodological backgrounds. Later on the work resulted in my second 
publication in CTEP in 2008.
After the graduation at Master’s level in June 2004, I was in a point to decide 
whether to continue to PhD studies or apply to vacancies outside of academia. The 
North Karelia University of Applied Sciences (NKUAS) had a key role in my decision 
to continue into PhD studies. NKUAS provided me with an opportunity to work 
in an international project, Northern WoodHeat (NWH), to study and develop 
woodfuel based heating across the Northern Periphery Programme region, from 
Finland to Scotland and Iceland. The NWH project, with partners and expertise from 
different areas of forest energy, was the most interesting three year experience and 
gave me understanding on the systems of energy production. The NWH resulted in 
my third article describing forest energy in the Scottish Highlands. After the NWH 
project, my work on renewable resource management of the northern periphery has 
continued in the PELLETime project focusing on the small to medium size pellet 
production and broadening the raw material base of pellets. 
My energy specialist studies at NKUAS in 2005 and my regular lecturing in 
waste management and recycling, industrial ecology and forest fuels, has contributed 
to my knowledge on the research topic. Many thanks also belong to the students of 
NKUAS who have attended courses and challenged me with numerous questions. 
7The bioenergy project team at the NKUAS has been the most inspiring working 
environment. The fourth article of this dissertation focusing on heat energy business 
models is a joint contribution with Forest Economist Niko Suhonen. 
The Finnish Cultural Foundation has provided a one year’s research funding 
to focus only on research work. The funding has enabled me to be on a leave from 
NKUAS and prepare manuscripts and the introductory part of this dissertation. I 
want to express my thanks for this significant support. 
The anonymous referees of Clean Technologies and Environmental Policy, 
Journal of Environmental Planning and Management, and Environmental Policy, 
as well as SUSWOOD project and David Gritten contributing to the linguistic 
form, have provided significant help for me in improving this dissertation.  
The Department of Geography at the University of Joensuu has been a 
supportive academic environment for my studies since the start of my Master’s 
studies in 1998. The PhD student seminars, the intensive courses of geography 
graduate school and meetings with other specialists and students have given 
confidence for composing this work. 
The most important thanks belong to my family, especially to my wife Marjo, 
my son Akseli and newborn daughter. I am grateful for your support and patience 
and all the delights of everyday life. 
Kontiolahti, October 2009
Lasse Okkonen
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1 Introduction
1.1 Resource systems evolution
Evolutionary economic geography provides an interesting extension for both the 
geographical systems analysis and industrial ecology research. This extension, i.e. 
evolutionary system approach, contributes positively to the research challenges of 
economic development. Often economic phenomena involve complex and fast 
changing contexts, which actors will not understand or be familiar with. Eco-
nomic activities are unevenly distributed in space. Some regions are able to utilise 
their resources better than others who are lagging behind despite having great po-
tential, for example, in terms of available natural resources. Economic geography 
is needed to understand why some resource systems exist, and how they function 
and evolve in certain place and time. The answer to these questions intimately 
rests on the evolutionary question of how the systems became what they are at 
present (Dosi 1997). 
Resource systems evolution can be investigated in several categories, from 
firms to industries, networks and spatial systems (Boschma & Frenken 2007). For 
instance, micro-level case studies can identify phenomena of evolution processes 
in organisations (i.e. organisational ecology), meso-level studies can focus, for 
example, on industrial dynamics and network analyses, while macro-level studies 
can investigate, for example, policy aspects of the resource systems evolution. In 
addition, the micro-, meso- and macro-levels can be aggregated in the analyses 
of system evolution, for instance in studies of “co-evolutionary processes of 
entrepreneurship, regional development and institutional change” (Ibid. 6).
This dissertation applies the evolutionary systems approach to the systems 
in waste and by-product management, as well as bioenergy production. The 
evolutionary approach and systems analytical theory can be applied in various 
types of concrete industrial systems, and it is argued later on that this theoretical 
approach provides an integrative framework for the studies of the sustainability of 
resource management that can be investigated from several perspectives. Thus, the 
different cases are used as the examples of a broader theoretical setting and will 
apply evolutionary approach from micro- to macro-levels. 
The introduction of this dissertation presents the natural resource systems 
investigated in the case studies, as well as the research objectives and questions. 
Chapters 2 and 3 present the theory and methodology based on the combination 
of systems analysis and evolutionary economic geography, as well as the context of 
industrial ecology (IE) research. Chapter 4 presents the methodology derived from 
the critical realism and applied geography, and is followed by chapter 5 detailing 
the research materials and methods in relation to the case studies. Chapter 6 
summarises the results of the case studies in relation to the research questions and 
ends with discussion on validity and reliability aspects. Finally, chapter 7 presents 
a synthesis of the evolution of natural resource management systems, relates case 
studies to it, as well as addressing future research needs.
1.2 Case study systems
The focus of independent studies under the systems framework may vary from 
certain material or substance flow analysis to building the tools or analyses of strat-
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egies or the potential pathways of developing the sustainability of a human-nature 
system. Often this kind of holistic approach faces difficulties in maintaining a 
sufficient level of detail within a reasonable cost and time budget, and therefore 
contribute to investigation in practical decision-making. In this dissertation the 
systems framework is considered to be highly applicable in integrating the mul-
tiple studies of my project where several aspects of local resource management are 
investigated.
The waste and by-product management systems of this study are located in 
south-western and eastern Finland. The Satakunta regional waste management 
system is comprised of 28 municipalities, while the Pielinen Karelia system 
includes four municipalities. Both systems are investigated by applying the 
developed method of industrial ecosystem (IE) indicators in order to: 1) compare 
waste management technologies in terms of their environmental, economic and 
employment impacts, 2) to determine the optimal system structures of waste 
management, and 3) to analyse the evolution of the systems by applying future 
scenarios based on waste and energy policy and legislation. 
The waste management systems in Finland are currently being re-organised due 
to changes in legislation1 and the revised objectives of the environmental policy2. 
Changes have included the closure of hundreds of small municipal landfills that 
were not fulfilling the requirements of the new legislation, and the establishment 
of new waste incineration plants to meet the tightening objectives of energy 
recovery from wastes. As the system is experiencing a wide-ranging change, it is 
important to investigate what are the environmental, economic and social impacts 
of re-structuring at the local level.
Waste management is a diverse sector generating harmful greenhouse gas 
emissions, but also has much potential regarding emission reductions. The 
activities generate costs, but accordingly, also local employment. According to the 
triple-bottom-line of sustainable development (SD) (WCED 1987) and the vision 
of industrial ecology (Porter & van der Linde 1995; Korhonen 2000) the economic 
development should be balanced in terms of environmental, economic and social 
dimensions. Daly (1991; 1996) emphasises the economic transition from the 
throughput economy, characterised by extensive use of materials and energy, to 
the steady-state economy, where the flows of production and consumption are 
balanced to the levels of natural ecosystem. Thus the objective is an eco-efficient 
production system with minimised use of material and energy to produce services 
and sustain life-qualities (Manahan 1999).
The dissertation builds on four case studies on waste and by-product 
management and bioenergy production. In the first two case studies (Korhonen 
et al. 2004; Okkonen 2008a), three types of impacts of waste and by-product 
management (representing the triple-bottom-line of SD and the vision of industrial 
ecology) have been modelled, including greenhouse gas emissions (GHG), costs 
and revenues, and employment impacts. The waste management technologies 
are compared to determine the optimal waste management structures both in an 
economic and geographical sense. 
1  Refers to the directive on landfilling of waste (1999/31/EC) and directive on incineration of 
waste (2000/76/EC), and their implementations to the national legislation.
2  The national waste management plan of Finland (Ympäristöministeriö 2008) and climate 
and energy strategy by the Council of the State (Valtioneuvosto 2008) both require the more 
effective material and energy recovery of waste. 
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Biomass is widely acknowledged to be one of the main alternatives for the EU 
to reach its target of renewable energy providing a 20% share of energy production 
by 2020.3 Biomass is a viable alternative from household scale to the large power 
plants. In this dissertation the production scale is small-scale district heating, with 
heating power varying from 0.5 to 5 MW.
The investigation of the feasibility of wood energy production is carried out as 
a case study in the Highlands of Scotland (Okkonen 2008b). Furthermore, a case 
study of Finnish heat energy businesses (Okkonen & Suhonen 2008) presents the 
ontology of heat energy business models. The focus of these case studies is on the 
strategies and pathways towards more sustainable production, such as strategic 
investments, business models, policy and legislation, and social principles of 
development. Those processes are at the core of institutional economic evolution 
towards the sustainable development. 
The economic evolution of resource management systems, such as the re-
structuring of waste management or a new type of wood energy production 
applying sophisticated business models, could facilitate the move towards more 
efficient and cleaner processes, and systemic changes towards better sustainability.
1.3 Research objectives
The dissertation uses the results and experience from the four case studies repre-
senting two topical aspects of the spatial resource economics (i.e. waste manage-
ment and bioenergy) to construct a synthesis in the form of applied theory. The 
first objective constitutes a broader theoretical goal of this study and can be posed 
as the following questions:
•  How can evolutionary systems approach and theory be efficiently 
applied as an integrative framework of sustainable development, and as 
a capable analytical tool in the analysis of evolving resource management 
and energy production systems in their geographical contexts?
•  How does the process of the evolution of economic systems take place 
at a local scale of advanced resource utilisation?
The evolutionary systems approach is developed throughout the study and pre-
sented in a summarised form in chapter 3.5 “Theoretical synthesis” and chapter 
7 “Evolutionary systems at a local scale of advanced resource utilisation”. The 
concept of economic evolution is applied to the analysis of resource management 
systems. The concept is derived from an emerging theoretical strand of evolution-
ary economic geography (see e.g. Boschma & Martin 2007; Jovanovic 2008). The 
process of economic systems evolution is investigated throughout the dissertation 
and finally framed theoretically in chapter 7.
The second, and in part method-based, objective of this dissertation is 
to develop indicators for industrial ecology in the contexts of regional waste 
management and energy systems, and to test them in the cases of Satakunta and 
Pielinen Karelia systems. Research questions derived from this objective are: 
•  What are the direct and indirect environmental, economic and social 
impacts of waste management and utilisation in the technically and 
3  According to EU Climate action and renewable energy package (European Commission 
2009). 
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spatially different waste management systems of Finnish Satakunta and 
Pielinen Karelia regions?
•  What is the potential of balanced and competitive environmental, 
economic and social development (win-win-win) in alternative regional 
waste management systems, and how do different technologies differ in 
achieving the win-win-win goals?
•  What is the optimal structure of the local waste management system if 
the objective is the optimal model of industrial ecology, i.e. win-win-
win development, and industrial ecosystem indicators are applied?
•  How do the changes of European waste management policy and 
legislation affect the spatial waste management structures at the local 
level in Finland?
At the empirical level, the environmental impact is indicated by the carbon di-
oxide equivalent emission, the economic impacts consist of costs and revenues of 
waste management and the social impacts are the direct employment opportu-
nities of different waste management and material/energy recovery technologies 
(Korhonen et al. 2004; Okkonen 2008a).
The results answering the first three questions in this area are derived from the 
conducted case studies and presented in summarised chapters of 6.1 “Evolution 
of the waste, by-product and energy flows”.  Institutional changes of policy and 
legislation and their impacts on the waste management structures are discussed 
in chapter 3.4.3 “Social principles and the institutions of policy and legislation”.
The third main objective of this dissertation is to analyse the feasibility of wood 
energy entrepreneurship in the Scottish Highlands, and to establish an ontology of 
business models of heat entrepreneurships in Finland (Okkonen 2008b; Okkonen 
& Suhonen 2008). The business opportunities of renewable energy play a key role 
in move towards more sustainable development. Research questions for this third 
main theme are:
•  How has the Scottish rural development policy steered local forest 
resource utilisation, and how does it affect the current potential of 
forest based energy entrepreneurship in the Highlands of Scotland?
•  What is the economical feasibility of woodheat-based small-scale 
entrepreneurship in the Highlands of Scotland?
•  What are the business models in heat entrepreneurship based on wood 
fuels in Finland? How can these models be applied in practice?
The first question in this theme is discussed in chapter 3.4.3 “Social principles, 
policy and legislation”, in the introduction of Okkonen (2008b, 222-225), and in 
chapter 6.2.1 “Evolution of the institutional context of forest resource manage-
ment in the Scottish Highlands”. The results answering the second question in this 
theme are summarised in chapter 6.2.2 “Feasibility of a wood energy enterprise”, 
and presented in greater detail in Okkonen (2008b). The business models and 
their application are presented in chapter 6.2.3 “The heat energy business model”, 
and presented in greater detail in Okkonen and Suhonen (2008).  
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2 Systems approach
2.1 Geographical systems analysis
Systems approach, i.e. holistic study or analysis of human and/or nature interac-
tions in a system constituting of a set of elements, their relations and states (Hug-
gett 1980), has a long tradition both in human and physical geographical research 
(see e.g. Barrows 1923; Chorley & Kennedy 1971; Bennett & Chorley 1978; 
Gregory 2000; 2003; Messerli et al. 2000; Kennedy 2003). Systems approach in 
geography was engendered by the school of human ecology, developed since the 
1910-20s. Human ecologists were inspired by the holistic approaches of Ritter and 
Vidal de la Blache in the 19th century, and also Geography as Human Ecology by 
Barrows in 1923 (Barrows 1923). 
According to Ritter (1818), the Earth and its inhabitants are closely dependent 
on each other and one cannot be considered without the other. Each area and 
continent form their own entity, Ganzheit, that is more than the sum of its 
components (i.e. system). Vidal’s perspective on human-nature relationships 
was very similar to Ritter’s: natural and cultural phenomena can not be clearly 
separated but they should be interpreted as a unit (Holt-Jensen 1988, after Vidal 
1903; 1921). According to Vidal, this interdependence was best represented in an 
area resulting from the interaction of the nature and culture, thus being the most 
important unit of the analysis.
According to Barrows (1923), geographical research should concentrate 
on human’s connection to the environment. Barrows emphasised that the 
methodological starting point of geographical research should be maintaining 
the synthesis, instead of the continuous division into different subfields (e.g. 
climatology, geomorphology and biogeography). According to Barrows, a synthesis 
was best found in regional economic geography by studying the human - nature 
interconnections. 
The development of human ecology resulted from, and was influenced by, 
the development, in the 1860s, of the new scientific field of ecology. The concept 
of ecology, in this scientific context, was first used by Ernst Hackel in 1868 to 
describe the interdependencies between plants, animals and their environments. 
The conceptualisation developed in ecology, relations between organisms and their 
biotic and abiotic environments, was adopted for the research regarding human 
beings and their connections to the environment.
Until the 1950s research in ecology was divided largely into autoecological 
(i.e. organism’s stimulus-responses), population ecological (composition and 
evolution of populations), and synecological research, which combines the first 
two approaches (Naveh & Lieberman 1984). Synecological research follows the 
development of populations and living environments in the long term, such as in 
ecological succession. Later, in the 1960s and 1970s system ecology was developed, 
focusing on the investigation of ecosystem structures and their functions.
Ecosystem, a unit consisting of plants, animals, and fungus (decomposers) 
and their biotic and abiotic environments, became the main unit of study in 
biological systems analysis. Material cycles between the trophic levels and energy 
cascades through the system were identified in ecosystems (Johnston 1981). Egler 
(1970) presented ecosystem as a multilayered entity with several hierarchical 
levels together constituting the human ecosystem. This approach by Egler, already 
17
developed in the 1940s, was further applied and developed in ecology research, for 
example, in Strategy of Ecosystem Development (Odum 1969) and Fundamentals 
of Ecology (Odum 1971). According to Odum, the understanding of the process 
of ecological succession and human-nature interdependencies provides a basis for 
changing the human behaviour away from destroying the natural world.
The ecosystem concept in geography was applied mainly for educational uses, 
with its significance in research originating from the general systems properties 
(Stoddart 1967). Stoddart presented four aspects of ecosystem concept that make 
it interesting in geographical research. Firstly, it is a very monistic concept uniting 
humans and nature in one system where the relations of the components can be 
studied in an organised way. Secondly, the ecosystems approach conceptualises the 
phenomena of the reality as very clear functional structures that are easy to study and 
suitable for theory testing. Thirdly, conceptual ecosystems emulate a continuous 
activity in forms or material cycles and energy cascades, which makes them very 
similar to the research units of traditional functional geographical analysis. Finally, 
Stoddart also notices the suitability of systems analytical development theories 
in ecosystems research. Stoddart finds the ecosystem concept to be one of the 
geographical tools, but notes that the ecosystem models from biology are not 
directly applicable in geography. 
Approaches of geography and biology in the ecosystem research have also 
been elaborated by Chorley (1973), who notes that a biological ecosystem model 
often undermines or excludes the complexity of human economic actions in the 
system. According to Chorley, ecosystem models are often based on negative 
feedback which is activated in case of disturbance and rebalances the system. For 
instance, animal population that has grown too much will be limited below the 
environmental capacity by an epidemic or insufficient nourishment.
Our socio-economic evolution has shown that human beings have a capability 
to modify the level of local environmental carrying capacity and transform natural 
systems into human controlled production systems, such as large agricultural 
monocultures. A classic example of the human impact on ecosystem dynamics is 
the settlement and intensive farming of the semi-arid Great Plains in the United 
States. Droughts caused significant harvest losses and famine (Chorley 1973), and 
the same area faced dust storms in the 1930s, which were also the result of over-
farming and drought. Another example is the Central-European landscape which 
is very much human-made, while in such a sparsely populated country as Finland 
the landscape is also human-made; most of the forests have been generated by 
planting and the water balance is regulated by drainage ditches.
In the human controlled systems, technical and economic developments 
are much more significant than is recognised in traditional ecosystem models. 
According to the biological systems approach, the original natural ecosystems are 
much more complex than human-altered landscape systems. For instance, the 
original prairies of the Great Plains have been much more diverse and tolerant 
than the established single species crop fields (Chorley 1973). The same is true 
with Finnish forests as well as in almost all places in Europe.
The functioning of the human control in ecosystems is twofold: even if we 
are able to control the natural ecosystems to strengthen economic activities, at 
the same time there are numerous system disturbances and irreversible or harmful 
material flows. Material cycles are not at the same levels as in natural ecosystems, 
additionally a large amount of waste and pollution is generated, causing negative 
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feedback to the functioning of the whole system4. Natural ecosystems rely on solar 
energy while human production is mostly based on non-renewable fossil fuels 
containing sequestrated carbon.  
Since the 1970s the suitability of the ecosystem model of human ecology in 
studying the systems of modern human beings has been questioned. According 
to Chorley (1973), the ecological system model can be considered as a relevant 
starting point only if human beings are considered to behave in the same way as 
other organisms. This analogy matches poorly to the human behaviour, which is 
intentional and socially constructed. Stoddart (1967) considers that the value of 
the ecosystem concept originates from the general systems properties, i.e. from 
systems theoretical background. Furthermore, Holt-Jensen (1988) recognises 
that the definition of geography as human ecology would contain too many 
characteristics of pure biological systems, because human actions includes many 
more factors than only the physical environment, such as culture, values, socio-
economic factors, and the conscience of one’s own existence and capacity to alter 
one’s own environment. 
As a continuum and rethinking of this popular research paradigm of the 1960s 
and 1970s, there has renewed interest and use of this paradigm among geographers 
(e.g. Anderberg 1999; Reenberg 1999; Messerli et al. 2000; Singh & Grünbühel 
2003; Ratinen 2005). These recent systems analytical studies provide numerous 
examples aimed at a better understanding of environmental changes and extreme 
events in their human-cultural-economic contexts. These studies are very topical 
due to the increasing number of hazards human-nature systems are facing. 
The popularity and significance of the system concepts and ecosystem 
analogies in geography is related to the fact that they are connected to two very 
fundamental methodological questions in geography: dualism between the man 
and the environment and between the human and physical geography (Stoddart 
1986; Gregory 2000; Ratinen 2005). The integrated approach in geographical 
systems analysis deals with both natural and socio-economic systems, enabling a 
better synthesis between them (see e.g. Reenberg 1999; Messerli et al. 2000).
Reenberg (1999) has applied visual systems analysis in the comparative analysis 
of different explanations of the desertification in the Sahel area in Africa. The 
study identifies several interrelations, both in terms of climate change and over-use 
of the land, enabling a better understanding of human-nature interaction.
Messerli et al. (2000) have studied environmental changes in well-defined 
spatial systems with an integrated approach where both natural ecosystems 
and human socio-economic production systems constitute the unit of study. 
In the timeline of environmental changes, they identify the changes from local 
environmental changes to the global changes in industrialised ecosystems5. By 
using the case study method, Messerli et al. present shifts from nature-dominated 
systems to human-dominated systems, often resulting in environmental problems. 
In the study of global environmental changes, they note that the human impacts 
on the environment are diverse, have spatial variations, and are often long-term 
and cumulative. 
4  On the other hand, e.g. Harte (2001) has presented carbon cycle as an example of a process 
that is highly wasteful in local scale and closed only at the global scale.
5  The integrated approach refers to the industrialized ecosystem, concept used among system 
analysts since the 1970s (see e.g. Koenig et al. 1972; Koenig and Tummala 1972; Bennet and 
Chorley 1978).
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Human actions in several human ecosystem models are considered as separate 
from the natural ecosystems, with these separate systems being connected with 
natural ecosystems by identifying systems’ interdependencies and feedbacks 
(Pickett 1997). However, presenting the human and natural systems as independent 
systems simplifies the numerous inter-linkages and feedback loops. 
Zucchetto and Jansson (1979) have structured regional human ecosystem 
as a unit of energy flows and stocks. They divide the regional system of the 
Swedish Gotland Island into subsystems that are analysed in terms of their energy 
economies. Zucchetto and Jansson have quantified both energy and capital flows 
and used system interdependencies and ecosystem analogies as a starting point. 
The strict systems boundary definition (energy and capital flows in the area of 
Gotland) has enabled their holistic study, still leaving several societal factors, such 
as institutions and organisations, outside the analysis.
Pickett et al. (1997) present a human ecosystem model with two subsystems: 
societal system and resource system. The societal system includes institutions (e.g. 
religious, educational, governance and trade), social structures (e.g. identities, 
norms and hierarchies), and social cycles (life-cycles, institutional development 
cycles, economic cycles and transformation processes of regions). Pickett et al. 
define the resource system to be consisting of cultural resources (e.g. organisations, 
religions, and myths), socio-economic resources (e.g. knowledge, population, 
labour and capital), and natural resources (materials, energy, populations and 
ecosystem characteristics). 
According to Boulding (1975), the aim of generating a holistic, universal system 
description in human ecology is problematic as it would attempt to produce one 
independent theory of practically everything replacing the theories of the subfields. 
Boulding notes that this kind of theory would be almost without content, because 
striving towards the holistic might endanger the content. General systems theory 
represents a holistic systems theory, which was significantly discussed in the 1970s 
(see e.g. Lazlo 1972).
The cultural and economic human system can be positioned as a subsystem of 
the geosystem (Odum 1969, Daly 1991), and its expansion has meant a shift to an 
increasing and unsustainable level of natural resource extraction. The expansion 
of the economic subsystem has meant a shift from the empty world economics 
to the full-world economics (Daly 1991). In other words, from the economics 
of unlimited natural resource utilisation to the world characterised by depleting 
natural resources and increasing pollution. According to Daly, the throughput 
economy, characterised by extensive use of natural resources, should be replaced 
with steady-state economy where the flows of production and consumption are in 
balance with the natural ecosystem.
When considering the material and energy flows the economy can be 
conceptualised as extraction of raw materials from nature and converting them 
into socially useful resources, inputs of production, commodities and finally waste 
(Hudson 2005). The material and energy flows in the systems are based on two 
main rules of physics (i.e. laws of thermodynamics) (Georgescu-Roegen 1976; 
Hanley et al. 1997; Ayres 1998). Firstly, the amount of energy and material in the 
universe is constant. Material never disappears but only changes its form, i.e. in 
every production process the input will be equal to the output (Georgescu-Roegen 
1976). Secondly, in a closed system the use of materials and energy will cause 
one-way flow from low-entropy resources to the high entropy resources, i.e. from 
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organised form to unorganised. Energy can not be recycled but will flow through 
the system and can be used only in different quality levels (energy cascades).
Geographers have also contributed to the analysis of material and energy 
flows in cities and industrial regions up to macro-level economic systems (see e.g. 
Tykkyläinen 1988; Anderberg et al. 2000; Anderberg 2004). The regional material 
flow studies and industrial metabolism studies apply the flow perspective, which 
Anderberg (1999) considers as a promising integrative framework, for the analysis 
of both the natural environment and society.
The abstraction of the economy in terms of material and energy flows often 
differentiates the economy from its socio-spatial context and social relations 
(Hudson 2005). Material flows and their transformations offer one aspect to the 
links between the economy and the environment and the dynamics of human-
induced environmental changes. Harvey (1996, 147) presents a relational 
definition of natural resource as a “cultural, technological and economic appraisal 
of elements and processes in nature that can be applied to fulfill social objectives or 
goals through material practices”. This means that natural materials will become 
resources under specific combinations of social and technical conditions. Being 
evolutionary by nature, the economy can be planned and also steered, and the 
new ways of resource utilisation can be designed for the economic purposes. This 
relational aspect, as well as the constitution of natural resources, is covered in more 
detail in chapter 2.4.
2.1.1 Systems categories
According to Bennett and Chorley (1978), a system involves transformations of 
inputs into certain outputs. Subsystems and processes can be identified transform-
ing the materials and energy that constitute a set of cycles or flows through the 
system. Huggett (1980) defines the system as a bounded unit of components and 
their relationships. System components can vary from physical objects to abstract 
concepts (ibid.).
Interdependencies, such as material, energy and capital flows, interlink system 
components, and at the same time, change their states (Huggett 1980). States of the 
components, such as populations and employment rates in cities, are dependent 
on the geographical characteristics in a location and processes changing with 
time. The elements and their interdependencies are separated from the system’s 
environment by the system boundary, which is case-specific, for example, in terms 
of functions or locations (Johnston 1991).
According to Chorley and Kennedy (1971), systems can be simplified into 
four main categories: morphological systems, cascade systems, process-response 
systems and controlled systems. They, define the morphological system as a 
simple system model where the relationships between the system components 
can be distinguished. Dependencies can be described statistically, for example, 
by regression correlations etc., or mathematically, for instance, by equations or 
presenting linkages in a graphic form (Huggett 1980; Johnston 1991). According 
to Robinson (1998), in its most simplified way, a morphological system can be a 
description of a city network where centres are linked by traffic routes. 
In the cascade system components are interlinked by material and energy 
flows, with the output of one component being the input of another (Chorley 
and Kenney 1971). Typical cascade systems are industrial production systems, 
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where linear production chains, at their simplest, supply raw materials efficiently 
for processing, refining, production and finally for consumption and waste 
management. These kinds of cascade systems of industries are often characterised 
by high energy and material consumptions, and thus negative environmental 
impacts. 
The research regarding cascade systems can be divided into subcategories 
depending on the level of investigation of the system components (Robinson 
1998). According to Robinson (1998), in black box studies the investigation of 
internal properties and processes of the components are excluded, with the focus 
being on investigation of inputs and outputs. Studies with assumptions of the 
qualities of processes inside the components are referred to as grey-box studies 
while those investigating structures and processes inside the components in detail 
are referred to as white-box studies.
The process-response system is a combination of the morphological and cascade 
systems, meaning the interconnectedness of system’s form and material and energy 
flowing through the system (Huggett 1980). For instance, in soil erosion kinetic 
energy changes the relief and system structure, indicating the interconnectedness 
of flows and structures. 
According to Chorley and Kennedy (1971), the fourth type of system consists 
of control systems that are process-response systems structured according to 
human decision-making and control. In this kind of system, the operator has some 
level of control over the inputs and outputs. For instance, financial policy is used 
to stimulate the demand of products and services, investments in infrastructure are 
controlled by the local governments, and in agriculture water and fertilising the 
inputs are controlled in order to achieve higher crop yields.
Systems are not always straightforward, it is not only a case of input X resulting 
in output Y, but there is often both positive and negative feedback. Feedback can be 
direct (A has an impact on B which has feedback on A) or indirect (impact of A has an 
impact on B that has feedback on A via several other factors C, D and E) (Johnston 
1991). Feedback is in connected to both the system’s balance and transformation, 
which makes them essential in geographical research (Langton 1972). Feedbacks 
are either controlled or uncontrolled, for example, in resource utilisation there are 
several control mechanisms to limit or prevent environmental impacts.
This dissertation often utilises the impact categorisation of direct and indirect 
socio-economic and environmental impacts of waste management. The direct 
impacts are considered as input X resulting in output Y. Indirect impacts are 
defined as an indirect feedback, and taking place outside the waste management 
system. For instance, when biowaste residue can be used as fertiliser, it generates 
an indirect impact of reduced net emissions by replacing fossil-intensive fertilisers. 
Accordingly, recycled fuels produced from energy waste can be used in substituting 
fossil fuels in energy production, causing indirect reduction in GHG emissions. 
The inclusion of indirect impact, especially from activities taking place outside 
the system investigated is demanding and has many uncertainties, especially on 
system boundary definitions – which are the systems included and excluded when 
identifying the indirect impacts? In this dissertation, only some straightforward 
interconnections were included in the analysis. On the other hand, identifying 
and quantifying the indirect impacts does improve our understanding of both 
complexity of the systems, systems interdependencies, and magnitude of total 
impacts of economic activities.
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According to Huggett (1980), a research process executed by systems analysis 
can be divided into four phases: lexical, parsing, modelling and analysis. The 
lexical phase includes the definition of objectives of the systems analysis, defining 
the system components and boundaries. In the parsing phase the linkages between 
system components are identified. These include, for example, theoretical 
interconnections, empirical knowledge based equations and statistical correlations. 
In the modelling phase, the components and linkages between them are put into 
model form, after which the model is operationalised. In the final phase, which is 
analysis, the model is applied to an empirical case. The results of the first testing 
round of the model also enable corrections that improve the validity and accuracy 
of the model for the final phase of the analysis, problem solving. It is essential to 
recognise that a systems model is a conceptual and abstract construction of reality 
designed for research purposes and therefore always simplifies the complex reality.
2.2 Industrial ecology
Systems approaches in geography and ecology have been significant contributors 
to subsequent paradigms and tools focussing on solving environmental problems, 
as well as contributing to the development of  sustainability of industrial society, 
such as Industrial Ecology (IE), Life Cycle Analysis (LCA), Material Flow Analy-
sis (MFA), Substance Flow Analysis (SFA), Environmental Management Systems 
(EMS), Regional Environmental Management Systems (REMS), among many 
others (see e.g. Frosch & Gallopoulos 1989; Van Berkel & Lafleur 1997a; 1997b; 
Welford 1998;Van der Vorst et al. 1999). 
Some authors consider that the concept of ecosystem provides an excellent 
example of systems in general (e.g. Simmons & Cox 1985). Others note that 
the human economic systems and ecological systems should not be considered 
as comparable or used in a way of eco-mimicry, i.e. learning from the ecosystem 
model in industrial systems (Harte 2001). This is because these systems are 
fundamentally different as human systems are intentional and can develop 
themselves as being innovative whereas natural ecosystems are evolving through 
genetic transformations and selections. Natural ecosystems at a local scale are often 
highly inefficient in terms of material and energy use. For instance, the carbon 
cycle can be considered closed only at a global scale (Harte 2001).
Harte (2001) is correct in his point regarding the highly wasteful local-scale 
ecosystems (e.g. in terms of carbon cycles), but on a macro level the global natural 
ecosystem is a model of an almost perfect material recycling and energy cascading 
system in the long term. During billions of years the natural system has developed 
from a linear throughput system to a roundput system with closed material loops 
and energy cascades. 
In industrial ecology it is essential to develop human production systems 
towards the closed loops of materials and cascades of energy, thus reducing both 
the consumption of natural resource and the outputs of waste and emissions 
(Frosch & Gallopoulos 1989; Tibbs 1992; Jelinski et al. 1992; Graedel & Allenby 
1995). When following the systems approach, it is important to minimise the total 
impact on the environment, i.e. material and energy efficiencies are optimised in 
the larger systems instead of single parts of the system, or subsystems. The system 
optimality can then require the increase of the by-product flows (such as “waste”) 
of one actor (to be used in some other part of the system as an input) to reduce the 
total impacts of the system (see e.g. Frosch 1992). 
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According to Garner and Keoleian (1995) the key concepts of industrial 
ecology include such conceptual and analytical tools as systems analysis, the 
conceptualisation of material and energy flows, the definitions of open and closed 
material cycles of systems, the use of analogies and multidisciplinary research. The 
foundational concept of IE is systems analysis, which can be applied on different 
scales of the product life-cycle, from production processes, firms and sectors to 
regional and global material and energy systems. Another foundational concept, 
as a methodological approach, is the material and energy flow analysis (Garner 
and Keoleian 1995). Industrial ecology follows material and energy flows and their 
transformations into products, by-products and wastes in industrial production 
systems. Often studies in industrial ecology monitor the rates of natural resource 
consumption, as well as released outputs to the environment.
The development of the industrial system from being a linear and inefficient 
production system towards a more closed cyclic model is one of the main starting 
points of industrial ecosystem research. The evolution of natural ecosystems has 
been outlined and classified from the open type I system to the more closed type 
II system and further to the perfect recycling system of type III. This classification 
has also been widely applied in depicting the development paths of industrial 
ecosystems (Jelinski et al. 1992; Graedel & Allenby 1995; Graedel 1996; Korhonen 
& Snäkin 2003; Snäkin 2004).
The industrial production systems are typically type-I or type-II systems 
constituted with functions depicting material and energy recovery. The perfect 
recycling and energy cascading system has not yet been reached and remains a 
distant vision in industrial production.
In the discussion regarding the application of the ecosystem concept in 
industrial ecology (IE), two main strands have emerged: 1) the direct application 
of the ecosystem model, and 2) applying the ecosystem as an overall goal and vision 
(or as ecosystem metaphors) for organising industrial production processes (e.g. 
Korhonen 2000; 2004a). There is also an ongoing discussion whether the IE is an 
objective or a normative science (Allenby 1999; Boons & Rome 2001; Korhonen 
2004a), in addition to debate as to whether the IE is descriptive (simplified as: the 
way the world works and the way things are) or prescriptive (simplified as: how the 
world ought to be) (Andrews 2003). 
The first two papers of this dissertation (Korhonen et al. 2004; Okkonen 
2008a) apply the industrial ecosystem framework. In these studies, the ecosystem 
model is applied as a prescribing general vision, or an overall goal, for industrial 
production systems (see Figure 1), not as a direct outline to be followed in detail. 
The studies focusing on the modelling of material and energy flows and their 
impacts are considered as representing the descriptive part of IE science while 
prescription would require normative use of the ecosystem concepts (Andrews 
2003; Korhonen 2004a). 
Korhonen (2004a) argues that in the case of material and energy flows it is 
possible to prescribe the vision and overall goal of industrial ecosystems by using 
ecosystem description as a model. However, the prescription of suggestions for 
practical and concrete measures derived from the ecosystem descriptions is very 
difficult, even impossible. This is because of the very different characteristics of 
human and natural systems. Decisions about waste management, or any other 
technological system functions, are affected by their cultural and social contexts. 
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Figure 1. Industrial Ecosystem.
 
Environmental, economic and social ‘wins’ in the vision of a successful local/regional 
industrial ecosystem. A local or regional industrial system is encouraged to develop 
towards an interactive system based on the metaphoric system model of an ecosystem, 
i.e. ‘a roundput system’ of material and energy flows. Through cooperation in waste 
material and waste energy utilisation (recycling of matter, cascading of energy) and 
sustainable use of local renewable natural resources of matter and energy between the 
industrial actors (firms) A, B, C and D, the virgin material and energy input as well 
as the waste and emission output of the system as a whole are reduced (virgin resources 
substituted with waste and non-renewables with renewables). The arrows within 
the system boundaries are bigger than the arrows to the system and from the system. 
By reducing the waste management costs, emission control costs, raw material and 
energy costs, transportation costs, costs resulting from the implementation of measures 
required in environmental legislation and by improving the environmental image 
as well as the ‘green market situation’ of the system, the economic gains are possible. 
Banks, financial institutions or other funding organisations may be attracted to 
invest to this regional system with reduced risks. In this highly idealised picture, the 
social win is gained through increasing the utilisation of local/regional resources and 
increasing the self-reliance of the local economy offering employment opportunities 
for the regional inhabitants. Local material and energy flow management can also 
yield new areas of business and economic activity, e.g. recycling or waste management 
companies.
Sources: Korhonen 2004b; 2005
According to Welford (2004), there is lack of research that would show the links 
between the material flows and economic impacts to convince the policy mak-
ers of the economic benefits. In addition, there is evident need for information 
regarding the full environmental impacts of each sector, material and energy flow 
accounts as official statistics, and measures that integrate social elements into the 
industrial metabolism framework (ibid.).
A B
D C
Roundput:
- utilisation of waste 
material, renewables 
and waste energy in 
cooperation
Environmental win:
- reducing the virgin 
material and energy 
input (substituted with 
wastes)
Economic win:
- reducing raw material 
and energy costs
- reducing costs from 
environmental 
legislation
- image and green 
markets potential
Environmental win:
- reducing waste and 
emission output (waste 
is used as resource)
Economic win:
- reducing waste 
management costs
- reducing costs from 
environmental 
legislation
- image and green 
markets potentialSocial win:
- new employment opportunities through local 
utilisation and management of the material and 
energy flows
- increased cooperation and participation
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2.2.1 Industrial ecosystems research
Industrial ecology has been studied from various perspectives such as products 
(Heino 2006), eco-industrial production systems (Garner & Keoleian 1995; Eh-
renfeld & Gertler 1997; Korhonen 2000), regions (Schwarz & Steiniger 1997), 
organisations (van Berkel & Lafleur 1997a, 1997b) and societal sectors (Snäkin 
2004; Korhonen et al. 2004; Niutanen 2005; Okkonen 2008a).
Perhaps some of the most famous industrial ecosystem case studies are the 
industrial area of Kalundborg in Denmark (e.g. Ehrenfeld & Gertler 1997), the 
region of Styria in Austria (Schwarz & Steiniger 1997), and the Jyväskylä energy 
production system in Finland (Korhonen 2000; Siikavirta et al. 2002). Each of 
these cases have evolved as conventional economic activity without coordinated 
environmentally oriented planning. In addition, they have characteristics which 
can be seen as significant shortcomings, such as dependency on fossil energy and 
fossil-derived materials in the case of Kalundborg, energy-intensive structure 
of industry in the case of Styria and dependency on peat as the main fuel in 
Jyväskylä’s case. Even then, without well-developed business-based cooperation 
in material and energy flow management, these systems would have much higher 
environmental impacts. 
In Kalundborg eco-industrial park there is a high level of recycling and 
waste energy is utilised efficiently as energy cascades (heat and process steam). 
The cooperation between companies started and developed based on economic 
cost-efficiency. Additionally, environmental improvements and positive public 
perception have encouraged both continuing and increasing cooperation (Garner 
& Keoleian 1995; Ehrenfeld 1997). Kalundborg is a good example of the dualistic 
nature of IE: even if the system has a good reputation in terms of recycling, 
it still creates a large amount of environmental impacts. The key actors in the 
system are the power plant (which uses coal), oil refinery, cement factory, fertiliser 
manufacturer and the Gyproc board mill (Ehrenfeld 1997). Garner and Keoleian 
(1995) argue that the system is a successful example of utilising material and 
energy flows because there are tonnes of waste, by-products and energy flows to 
be utilised and a large number and diversity of actors from interlinked industries. 
In the Austrian region of Styria, the regional industrial ecosystem has also 
developed based on economic benefits (Schwarz & Steiniger 1997). The main 
actors of the industrial cooperation network are the power plants, cement industry, 
steel industry and paper mills. All of those industries produce, and thus consume, 
large amounts of waste and by-products, as well as energy. Their cooperation is 
dependent on the awareness and sharing of information of each others’ production 
and wastes/by-products. 
The Jyväskylä energy production system has been analysed by Korhonen 
(2000) and Siikavirta et al. (2002). The system relies on the co-production of 
heat and electricity with a total efficiency rate of 80-90%. The produced energy is 
electricity and district heat, with the by-product being utilised as process steam in 
a local paper mill, heating of greenhouses in a horticultural area, and the heating 
of pedestrian precincts. Ash is used in landscaping and land-construction works. 
The system is based on peat and woodfuels, with a supply radius of about 80 
kilometers. Peat can be considered as slowly renewable and has a high carbon 
content (CO2 equivalent emission of 112.6 g CO2 eqv./MJ). 
In addition to the geographical regions and industrial production clusters, 
different sectors of the human economic system have been conceptualised 
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as industrial ecosystems. For example, the regional district heating system in 
North Karelia, Finland was conceptualised as an industrial ecosystem by Snäkin 
(2004) and the agricultural waste and by-product management system located 
in Satakunta was investigated by Niutanen (2005). This dissertation includes 
two studies where waste and by-product management systems have been studied 
as industrial ecosystems (Korhonen et al. 2004; Okkonen 2008a). The sectoral 
studies investigate the applicability of the nature’s roundput model with material 
cycles and energy cascades in the human production system. 
Geographical information systems (GIS) have become an efficient facilitator 
for industrial ecosystem studies. It can be used for providing information on 
potential cooperation within and between industrial regions and in optimising 
transportation and the acquisition of raw materials and by-products. From the 
industrial ecology perspective, GIS has been applied in promoting industrial 
cooperation in North Carolina, USA (Kincaid & Overcash 2001), and in 
modelling the potential ways of utilising food industry by-products in Georgia 
(USA) (Özyurt & Realff 2001). 
Industrial ecosystems have recently gained more attention among geographers. 
For instance, the Association of the American Geographers (AAG) organised a 
separate industrial ecology session in its 2004 meeting in Philadelphia with sub 
themes of ‘individual and collective behaviour’, ‘the economic context’ and ‘scale 
and theory’. In 2008 the outcomes of the AAG meeting were compiled as a special 
Industrial Ecology issue of the Regional Studies (Vol. 42, No. 10). Deutz & Gibbs 
(2008) compared the cluster perspectives of regional development to the theory 
and cases of industrial symbiosis. According to Gibbs (2006) regional development 
studies need to also address environmental issues, including by-products, waste 
and energy. In those themes regional development and industrial ecology theories 
can be mutually beneficial.
2.3 Strategic sustainable development
Sustainable development provides a common framework and imperative for the 
development of multidisciplinary tools providing information about the overall 
sustainability of products, processes or projects, and thus supporting environmen-
tal decision-making. The tools are expected to play an important role beyond their 
original purposes are designed for enabling sustainable decisions instead of only 
informing about specific flows or impacts (see e.g. Van der Vorst et al. 1999).
Decision-makers might be confused with numerous methods of measuring 
sustainability, and of industrial ecology, process and flow analysis and management 
system tools, in addition finding the correct tool for the purpose is not the easiest 
task. Robert et al. (2002) argue that because of a growing number of available 
tools, there is a risk that they conflict with each other, or may lead to different 
outcomes and policy suggestions. Therefore more attention should be paid to the 
validity of tools in IE research.  
Tools should be applied for the same purpose as they are designed for and also 
in a transparent way. Let us consider an example of life cycle analysis (LCA), where 
the definition of systems boundary has a large impact on the final results. In forest 
energy production, we can either include the impact of establishing a new forest in 
the analysis or simply omit the impact to be included in the system of commercial 
forestry (because the wood fuels are typically waste or by-products of commercial 
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forestry). Whichever tool is selected, transparency is needed to present what is 
included and what is excluded from the analysis performed. 
A collective effort of ten scientists (Robert 2000; Robert et al. 2002), specialists 
in available tools, resulted in a systemic study, ‘Strategic sustainable development 
– Selection, design and synergies of applied tools’, focussing on the relationships 
between the tools and the utility of having access to the various tools and 
programmes. 
Robert et al. (2002) describe a five-level system model for strategic sustainable 
development (SSD). On the first level of the model the principles constituting 
and constructing the studied system are defined. The system of ecosystem and 
societies is referred to as the ecosphere. The principles that govern the system are, 
for example, thermodynamics, biochemical cycles, ecological interdependencies 
between the species, and societal exchanges with, and dependencies over, the 
natural ecosystems (Holmberg & Robert 2000; Robert et al. 2002).
The second level of the SSD model is the principles of favourable outcome 
of planning within the system (Robert et al. 2002). The favourable outcome, or 
objective of SSD, is the sustainable state within the ecosphere. Sustainability can 
be defined according to the Brundtland Commission (1987) as “to meet the needs 
of the present without compromising the ability of future generations to meet 
their own needs”.  
The overall goal of sustainability can be detailed in several ways, for example, 
by using the natural step framework and four system conditions (Holmberg & 
Robert 2000; Robert 2000; Robert et al. 2002) or three sustainable management 
rules by Daly (1990)6. 
The natural step framework details the sustainability into the four system 
conditions (Robert et al. 2002, 198,199; numbered by the author):
“in the sustainable society, nature is not subject to (1) systematically 
increasing concentrations of substances extracted from the Earth’s crust, 
(2) concentration of substances produced by society, (3) degradation by 
physical means, and, (4) in that society human needs are met worldwide.”
The sustainable management rules by Daly (1990, 2-4) are not developed for the 
strategic sustainable development framework but actually contribute in detailing 
the sustainable development through more concrete rules (or prescriptions):
i “Harvest rates of renewable resources should not exceed regeneration 
rates.
ii Waste emissions should not exceed the relevant assimilative capacities of 
ecosystems.
iii Non-renewable resources should be exploited in a quasi-sustainable 
manner by limiting their rate of depletion to the rate of creation of 
renewable substitutes.”
The sustainability objectives (based on the four system conditions) presented by 
Robert et al. (2002) can be further divided into two main mechanisms of dema-
terialisation and substitution. Dematerialisation means the reduction of material 
flows towards more sustainable levels, while substitution is the exchange of type/
quality of flows and/or activities (ibid.). For instance, dematerialisation includes 
6  The management rules by Daly and SSD framework are compared in Robert et al. (1997). 
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improvement of efficiencies in each stage of the production process (i.e. more pro-
ductivity), re-use of waste as a raw material for other products, and limiting the 
total amount of resource extraction. Substitution includes, for example, replacing 
fossil fuels with renewable alternatives or chemical fertilisers with biowaste based 
fertilisers. At a macro level, inefficient structures could be substituted with more 
sustainable ones.
The first system condition requires, for instance, the substitution of hazardous 
or scarce materials with more abundant, less risky or renewable options (Robert et 
al. 2002). Accordingly the second system condition requires the favouring of such 
materials that are naturally occurring or easily degradable instead of artificial ones 
(ibid). The third system condition, i.e. prevention of natural degradation, requires 
the elimination of destructive interferences (e.g. over harvesting), substituting the 
management systems (e.g. land use) or even moving the locations of production (ibid). 
Dematerialisation and substitution should also be regarded from the social 
perspective to meet the fourth system’s condition (Robert et al. 2002). This 
requires the consideration of aspects of health, equity and employment, among 
other things. 
The third level of strategic sustainable development model focusses on 
principles for sustainable development, i.e. processes for achieving the desired 
outcome defined in levels 1-2 of SSD (Robert et al. 2002; Korhonen 2004a). 
Robert et al. (2002) present various principles, which are called pathways, for 
achieving a desired outcome, such as strategic investment principles (backcasting, 
flexible platforms, good return on investment, and precautionary principle), social 
principles (dialogue and encouragement, and transparency), and political principles 
(differentiated taxes, subsidies, traditional privileges, norms and standards, 
international agreements, international trade and economic development, and 
legislation). 
The fourth level of the SSD model includes the practical actions that are in 
line with the process principles used for achieving the goal of sustainability within 
the larger ecosystem and its economic and social subsystems (Robert et al. 2002). 
These kinds of actions are switching to renewable energy, material recovery/
recycling, energy cascading, and improvements in eco and service efficiencies 
(Daly 1991; Manahan 1999).
The fifth level of the SSD model consists of tools and metrics designed for 
monitoring and auditing the success of actions, i.e., the material and energy 
flows and their impacts on the ecosystem and its economic and social subsystems 
(Robert et al. 2002). It is important to measure both the actions as well as the state 
of the system itself. We need to measure, firstly, the state of the systems, such as 
employment, use of resources, emissions, etc.. The flows are not the same as the 
impacts, however, the impacts of flows depend on many factors, for example, the 
local ecosystem assimilative and recovery capacity (Korhonen 2004a).
In the editorial article of Journal of Cleaner Production 12 (2004), Korhonen 
(2004b) uses the strategic sustainable development (SSD) model of Robert et 
al. (2002) by integrating industrial ecology into the model and arguing that the 
IE concept has potential on all five levels of the SSD model. However, if IE is 
used outside the systems model of SSD, four risks and difficulties are generated 
leading to suboptimal solutions, problem displacement and problem shifting. The 
article by Korhonen illustrates industrial ecology as a rich concept with many 
possibilities, but simultaneously, highlighting the fact that there are many risks 
and difficulties in its applications.
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2.4 Relational aspect to resources
Hudson (2005, 41) argues that the conceptualisation of the economies in terms 
of material transformations “abstracts them from the socio-spatial context and 
socially specific imperatives that generate particular socio-spatial configurations of 
economic organisation and practice”. Hudson notes that the material transforma-
tions offer one-dimensional and restricted views of the links between the economy 
and the environment and on the dynamics of human-induced environmental 
change. However, if the institutional system is constructed inside the system as a 
control system, this deficiency can be avoided. Material transformations are not 
universal, but regulated by actors and constructed in a geographically specific way.
Harvey (1996, 147) provides a relational definition of a natural resource as 
“cultural, technological and economic appraisal of elements and processes in 
nature that can be applied to fulfill social objectives or goals through material 
practices”. Hudson (2005) notes that for natural materials to become resources 
there needs to be demand, technology and knowledge regarding utilisation, and 
political control/guarantee for their use. Hence, natural resources do not exist 
without human interest. 
In economic geography, there is a new subfield applying a relational approach, 
with focus on the analysis of economic interaction from a spatial perspective (see 
e.g. Bathelt & Glückler 2003; 2005; Boggs & Rantisi 2003; Yeung 2003). While 
in conventional economic analysis the three production factors of land, labour and 
capital are distinguished, the advocates of the relational approach demonstrate that 
the heterogeneous strategies and technological developments of firms cannot be 
explained by differences in conventional production factors alone. There are also 
socially constructed resources, such as experience, knowledge, social capital and 
power, affecting the production processes, varying in geographical space (Bathelt 
& Glückler 2005).
The substantive versus the relational understanding of resources is discussed 
by Bathelt & Glückler (2005, 1547). The substantive understanding of material 
resources defines resources as production factors with predefined input-output 
relationships, while according to relational understanding, resources can be 
understood as “bundles of possible services characterised by contingent returns”. 
In substantive understanding, knowledge has been seen as “a precondition for 
economic success characterised by inherent, predetermined consequences”, 
while in relational terms, it is a result of frequently unanticipated collective 
interpretations and re-combinations, which may bring about innovative solutions 
leading to development and success. Bathelt and Glückler present the substantive 
understanding of power as an inscribed capacity of an actor to dominate by 
means of resource control, while relationally, power can be understood to be a 
social practice of building networks and enrolling other actors in joint projects. 
According to Bathelt and Glückler, the substantive understanding of social capital 
has been “a universal capability of an actor to exploit networks according to his/
hers own goals”, while relationally, it can be understood as “a set of opportunities 
resulting from the existence of social relations with other actors”. 
This concise definition of relational understanding of material resources and 
socially constructed resources is not understood here to be by any means exclusive, 
but it is recognised that there has been a large amount of theoretical discussion 
and numerous definitions for each of the concepts. However, this framework is a 
sufficient starting point for identifying relational aspects in the studied systems of 
natural resource and waste and by-product management and energy production. 
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2.5 Evolution concept
There are ongoing debates in economic geography between the subfields of neo-
classical economic geography (including also new economic geography) (Krug-
man 1991; Fujita et al. 1999) and cultural or institutional turn in economic ge-
ography (Amin & Thrift 2000; Martin 2000). In addition, there are emerging 
sub-approaches, one of which is evolutionary economic geography (Boschma & 
Frenken 2006; Boschma & Martin 2007; Esslezbichler & Rigby 2007; Martin & 
Sunley 2007; Jovanovic 2008). An insight into the evolutional perspective is pre-
sented here to base the later discussion on systems evolution in the studied cases.
Evolutionary economic geography (EEG) applies the concepts of evolutionary 
economics to explain uneven regional development. The starting point of EEG is 
to study “the processes by which the economic landscape – the spatial organisation 
of economic production, distribution and consumption – are transformed over 
time” (Boschma & Martin 2007, 539). Boschma and Martin also note that 
economic landscape is not only considered as an outcome or by-product of the 
economic evolution process, but a determining influence on the process. 
If we trace the origins of EEG, we can see the linkage to the evolutionary 
economics and further to the evolutionary biology in its ideas of variety, selection, 
adaptation etc.. The use of concepts originating from ecosystem development is 
similar to industrial ecology research. This kind of import of metaphors, concepts 
and methodologies from other disciplinary fields, in a selective way, provides 
impulse to theoretical and empirical development with new perspectives, as 
well as potential innovations and opportunities for cross-disciplinary interaction 
(Boschma & Frenken 2006; Boschma & Martin 2007). 
Jovanovic (2008) compares the neoclassical equilibrium and evolutionary 
models of economy in terms of their physics and thermodynamics, i.e. approaches 
regarding material and energy systems. In neoclassical theory, economy is often 
considered as a closed system that can be explained and understood by the use of 
algebra (basing on the economic equilibrium). The evolutionary model of economy 
is dynamic; economy being described as an open, always evolving and unfolding 
system that could be partially understood by the use of complex systems analysis 
and evolutionary process (creation, differentiation, selection (including mistakes), 
adaptation, innovation, retention, amplification, replication and constant search 
for creative-destructive optimal solutions) which is different from the biological 
process, but is still evolutionary. The application of the evolution metaphor to the 
systems analysis is here considered to especially contribute to the interpretation of 
the systems change and changing strategies at the local level.
Faber and Proops (1996) note that just as the biological system can be described 
in terms of their potentialities (i.e. genotypes) and realisations (i.e. phenotypes), 
so can the economies. Production techniques, consumer preferences, institutions 
and natural resources specify the potentiality of the economy. The economic 
activity, such as production and distribution of wealth, and environmental impact 
of the activity, is the realisation of the economic potentialities. Faber and Proops 
argue that the evolution of the potentiality (e.g. inventions and novelty) is very 
unpredictable, however, its realisation may be predictable.
Deductively it can be reasoned that the interlinkages between the systems 
analysis, ecosystem studies, industrial ecosystems research, geographical systems 
approach and evolutionary economic geography are very strong as a result of 
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the system’s development and evolution being derived from the general system’s 
properties and its control, and each of the paradigms is eventually focusing on 
some type of system as unit of study. The system can be physical geographical, 
economic or conceptual, but each of them evolves according to certain principles. 
The application of evolution concepts and metaphors derived from ecosystem 
ecology has been tailored and operationalised for use in evolutionary economics 
(Boschma & Martin 2007). The path continues now to the geographical research, 
and the situation of evolution concepts (e.g. selection, adaptation, co-evolution, 
emergence, dissipation) in space and time can improve our understanding of 
differences of economic development between regions. This study applies the 
evolution concept similarly to other ecosystem concepts, i.e. as a metaphor for 
developing the system towards the vision of industrial production derived from 
natural ecosystem model. 
The impact of institutions on a region’s development is investigated in the 
institutional approach to economic geography (Boschma & Martin 2007). 
In its simplified form, it assumes that differences in economic behaviour are 
related to differences in institutions among enterprises (organisation routines, 
business cultures) and territories (legal frameworks, policies, values and forms). 
The institutions of each spatial unit have a large impact on the evolution of the 
economies, both on the micro as well as macro levels.
In the case studies of this dissertation the institutions affecting the evolution of 
a spatial system in question are identified. The argumentation on system evolution 
is supported with evidence from research literature, policy and legislation. In the 
empirical section, the systems evolution is dynamised by applying a scenario 
approach.
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3 Applying the systems 
approach
3.1 Principles for constituting the systems
3.1.1 Systems interdependency
The human socio-economic system can be defined as a system with vital links to the 
natural ecosystem, as described earlier in the systems theory. Figure 2 presents the 
interdependencies between the natural ecosystems (or ecosphere) and human socio-
economic system with several subsystems. The systems of nature and human econ-
omy are often presented as separate. For instance, neoclassical economics viewed 
the ecosystem as an isolated system consisting of the economic circular flows of ab-
stract exchange values (Korhonen 2004a). Figure 2 points out, firstly, that economic 
subsystems are integral, interdependent parts of the industrialised ecosystem with 
several subsystems, and secondly, that each of the subsystems is interdependent via 
material and energy exchanges. In the spatial institutional context there are also large 
amounts of spatially variable social/cultural interlinkages that direct and have impact 
on the material and energy flows between the human and natural subsystems.  
The interdependency between the natural ecosystem and human socio-
economic system is evident both in waste and by-product management as well as 
bioenergy production.
•  In waste and by-product management system the regulation of ecosystem 
services7 (Daily 2000; MEA 2005) of decomposition (either aerobic or 
anaerobic) and combustion are controlled, and made more efficient, by 
technological development, in order to manage increasing waste flows 
from the human socio-economic system and to return materials back 
to the natural ecosystem or to material and energy inputs of economic 
production. 
•  In bioenergy production, the system provisioning ecosystem services 
(Daily 2000; MEA 2005) of natural resources and their energy contents 
are utilised in the human socio-economic system by controlling the 
release of energy content and transforming and transferring it to 
different uses. 
The control of ecosystem services has enabled an extensive growth of the human 
socio-economic subsystem inside the natural ecosystem boundaries. Waste and 
by-product management systems are designed for controlling the final stage of 
the linear throughput system and turning linear flows back to the production by 
recovering materials and energy, i.e. towards a cyclical roundput model. The bio-
energy systems are designed for producing energy from renewable material that re-
uses the released carbon dioxide (if raw materials are harvested only below the re-
generation levels of the natural ecosystem), and when energy cascading is utilised, 
systems represent the roundput model of the industrial ecology.
7  Ecosystem services can be defined as the conditions and processes through which natural 
ecosystems sustain and fulfill human life. They maintain biodiversity and the production of 
ecosystem goods, such as seafood, biomass fuels, timber, natural fibres and pharmaceuticals 
(Daily 1997). 
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Figure 2. Interaction of energy and material processing sectors in an 
industrialised ecosystem. 
The thick lines represent solar, physical and human energy flows. The thin lines are 
material flows and the dashed line represents infrared radiation back to the solar/
atmospheric system. The figure represents mass-energy features of an industrialised 
ecosystem that consists of several interdependent human systems (or sectors), the 
spatial institutional context and natural systems. The energy conversion and waste 
management system can be considered as a key sector that not only manages raw 
materials, by-products and waste, but also recovering them back to the natural 
ecosystem, industrial production cycles, or utilising them in energy production. The 
utilisation of industrial, agricultural and municipal waste can enhance the reduction 
of the amount of fossil fuels used in energy production and lead to the reduction 
of the total greenhouse gases of the whole system. The figure represents the systems 
level approach, where not one but many different system components (or in this case 
subsystems) and their interdependencies are investigated.
Sources: Modified after Koenig et al. 1972; Koenig and Tummala 1972; Bennet & 
Chorley 1978.
3.1.2 Throughput and roundput of material and energy
The throughput concept is derived from the natural ecosystem type I with linear 
flow through the system and no functions for material cycles or energy recovery 
(Jelinski et al. 1992; Graedel & Allenby 1995; Graedel 1996). In a world of un-
limited natural resources, or an empty world, economic production systems have 
been able to use this model for maximising their productivities (Daly 1991).
Current economic production is, to a large degree, based on throughput flows 
of material and energy resulting in high levels of waste and pollution (Figure 3). 
For increasing the system’s sustainability the aim is to develop the system towards 
the roundput model with closed material loops (recycling) and energy cascades (or 
uses in different quality levels of energy) (Figure 4). 
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The throughput model of industrial production causes challenges in the final 
stage, i.e. in the waste management system. Waste management is the final stage 
where recovery of materials and energy can be achieved, but without the recovery 
from all stages of production, it is difficult to get the system to operate efficiently. 
The production chains are spatial and typically begin from the raw material 
acquisitions at the resource peripheries, continuing to processing at the resource 
and industrial communities and finally consumption at the metropolitan core 
areas (e.g. Tykkyläinen 1988; Mitchell 1989). Each stage of the value chain creates 
socio-economic and environmental impacts.  
The roundput model (Korhonen et al. 1999; Korhonen 2000; Niutanen 
2005), with energy cascades and material cycles, is of great importance regarding 
improving the system’s performance to make it more sustainable (Figure 4.). There 
are several stages along the value-chain for improving the system’s performance: 
business incubation, environmental planning, process design (and eco-efficiency), 
product design, green marketing, consumer / end-user advice, and finally, waste 
management, recycling and energy recovery. 
Consumer behaviour in the metropolitan areas can result in process and 
product improvements (or industrial evolution), which also affects the resource 
acquisitions at the resource peripheries. The distance8 between the beginning and 
end of the value chain has much significance. The raw material is often located far 
from the end-user markets of the final product. Time span between raw material 
acquisition, production and use of the end-product also varies. The powers and 
capabilities of stakeholders along the production chain also vary, from local farmer 
8  Refers here to absolute distance, relative (time) distance and relational (e.g. power depen-
dent) distance.
Figure 3. A graphical model of throughput flows of materials and energy through 
the natural resource management system. 
Production inputs (raw material, energy, manufactured inputs, capital and labour) 
are needed in each stage of the linear production chain to generate outputs of different 
processing stages. Wastes and emissions are generated in each stage of the production 
chain and are released into the natural ecosystems. Spatial reference is only schematic.
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to multinational companies. Therefore, without well established corporate social 
responsibility (CSR) or environmental reporting, consumers are not aware of the 
impacts at the beginning of the value chain, or accordingly change their preferences 
towards environmentally friendly products.
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Figure 4. A graphical model of roundput of material and energy flows in 
economic production system and its evolution.
In each stage of the value chain, from natural resource management to consumption 
and finally waste management, materials and energy are used and waste generated. 
Based on this simplified model of material and energy flows in economic production, 
we can identify points of improving the system’s performance. The business incubation 
includes, firstly, the identification of business opportunities based on the available 
resources and consumer preferences. Opportunities are verified in terms of their 
technical and economic feasibility and also in terms of their environmental and 
social impacts. If proven successful, they are implemented by the enterprises. In process 
design, opportunities for increased (eco-)efficiency are investigated, and potentially 
material or energy saving concepts (MASCo’s / ESCo’s) can be utilised. Product 
design can contribute much to the total eco-efficiency and also opportunities emerge 
in eco-design services. Depending on consumer preferences, green marketing of 
environmentally sustainable products has potential to generate more benefits and thus 
impact on industrial evolution. Consumer services are needed both in the promotion 
and use of greener products, such as renewable energy. The traditional waste 
management services have much importance in controlling the impacts at the end of 
the value-chain. In re-channelling the material flows to re-use, recycling or energy use, 
new business opportunities will also emerge.
Source: Modified after Hudson (2005) and dynamised by the author.
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3.2 Systems structures
3.2.1 Waste and by-product management systems
The waste and by-product management systems studied were the regional system 
of Satakunta with 28 municipalities (Korhonen et al. 2004) and the Pielinen Kare-
lia system with four municipalities (Okkonen 2008a). The systems’ structures are 
generalised by using the systems theoretical framework. In addition, the compo-
nents and flows constituting the systems and the systems’ boundary definitions are 
presented. These definitions of system structures are essential for understanding 
the aim and scope of each conducted study. 
The system structure can be defined in terms of the systems’ types by Chorley 
and Kennedy (1971). They defined the control systems as process-response 
systems structured on the basis of human control. Process-response means a 
combination of cascade system (typical in industry), morphological system and 
human decision-making. In process-response system the system flows, structures 
and decision-making are interconnected, i.e. decision-making on flows affects the 
form of the structures.
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Figure 5. Systems structure of waste and by-product management systems 
investigated in this study. 
Systems, before the waste and by-product management, represent a cascade system 
structure where components are interlinked by material and energy flows, and output 
of one component is the input of another. Typical cascade systems are industrial 
production systems where linear production chains supply raw materials efficiently for 
processing, refining, production and finally for consumption and waste management. 
The level of investigation in processes before the waste management is black-box, i.e. 
no assumptions are made about the processes before. Waste management is studied 
on the grey-box level, i.e. modelling of the technological performances and impacts of 
the waste processing are conducted but single system processes and components are not 
investigated in detail as is required in white-box studies.
Sources: Korhonen et al. 2004; Okkonen 2008a.
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The waste and by-product management system is presented as a subsystem 
and the final stage of the industrial production system that is in a cascade system 
structure (Figure 5). The cascade of materials before the waste management is 
not studied in detail but only the mass-balances of generated waste are used in 
modelling the waste management. Waste management technologies are investigated 
in more detail in the Satakunta and Pielinen Karelia cases and the analysis can at 
best be described as a grey-box study. This level of investigation means that there 
are assumptions made concerning the system’s structures and functioning but not 
on a detailed level (e.g. not in empirical level of process monitoring). The studies 
benefit from engineering theory and utilise average parameters of each technology 
(see Okkonen 2008a in more detail).
According to Chorley and Kennedy (1971), control systems are process-
response systems structured on the basis of human decision-making and control. 
In waste management we can identify such subsystems, such as composting, 
anaerobic digestion and incineration, which are natural processes with certain 
responses and, in human waste management, they are controlled and developed 
to manage the increasing waste flows. The waste management system integrates 
several subsystems and therefore it is essential to optimise the material and energy 
flows between them in the most efficient manner. 
The definition of systems boundaries determines what is included and what is 
excluded in, and from, the analysis. The systems boundaries of the two waste and 
by-product management studies are the following:
•  Geographical areas: Satakunta region (Korhonen et al. 2004) and 
Pielinen Karelia district (Okkonen 2008a)
•  Time: years 2000 (Satakunta) and 2003 (Pielinen Karelia)
•  Technologies: technologies for the management of municipal solid 
waste (MSW), including landfilling, thermal treatment and biological 
treatment of waste
•  Processes of waste management in which greenhouse gases (CO
2
 
equivalent emissions), costs and revenues and employment opportunities 
are generated
The waste management options are the following (Pipatti et al. 1996; AEA 2001):
•  Landfill of waste: bulk untreated municipal solid waste (MSW) is 
deposited in landfills. As a result of improvements in landfilling, there 
are alternatives for controlling the landfill gas (i.e. CO
2
 and CH
4
 
emissions) by flare incineration or energy generation. 
•  Thermal treatment of waste: Options for waste incineration include 
mass-burning of bulk MSW with energy recovery, and co-incineration 
of refuse derived fuels (RDF) or recycled (or recovered) fuels (REF) 
of different qualities to produce energy9. Energy can be produced as 
heat or electricity only, or with higher efficiency in combined heat and 
power (CHP) plants. 
9   Recovered fuels (REF) are made of waste materials and have been classified in qualities of 
REF-I (untreated wood waste and source separated energy waste) to REF-III (mechanically 
processed dry municipal waste) (Heikkinen et al. 2002). Refuse derived fuels (RDF) are made 
of combustible materials (e.g. papers, boards, plastics, and textiles) separated from the bulk 
municipal solid waste (AEA 2001).
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•  Biological treatment of wastes: The main options of biowaste management 
are composting and anaerobic digestion (AD). In composting, good 
quality food and garden wastes are segregated at source and degrade in 
aerobic process. The final product is stabilised humus residue that can 
be used as soil conditioner in agriculture or horticulture. Composting 
includes both open and closed compost facilities. Anaerobic digestion 
is biowaste management in closed (anaerobic) conditions producing 
methane-rich biogas (i.e. renewable fuel). The final residue can be 
composted and used as soil conditioner. 
The system components are the different waste management options/technolo-
gies presented above, and the flows between them are material flows of waste, 
by-products, recovered and refuse-derived fuels. Energy flows are used fuels and 
heat and electricity generated from waste management. Inputs into the systems in-
clude waste, fuels, labour and capital, while outputs are recovered energy, recycled 
materials, waste energy and emissions. Control and decision-making is taken into 
account by applying requirements of legislation and policy, and also case specific 
decision-making documents, for defining the waste management scenarios.
3.2.2 Heat energy business systems based on woodfuels
The case studies of heat energy business were a Scottish case focusing on the fea-
sibility of heat entrepreneurship (Okkonen 2008b) and a Finnish case with heat 
energy business model definition and its empirical application (Okkonen & Suho-
nen 2008). The small scale wood heat production systems, and especially heat 
energy businesses, were investigated in detail. These studies focused on the busi-
ness aspects, and thus are concentrating on the functioning of the institutions and 
business evolution of a human system, which are different from case studies deal-
ing with material transformation systems of waste and by-product management 
(Korhonen et al. 2004; Okkonen 2008a).
The wood energy production system has a cascade structure with several stages 
from harvesting of biomass from the forest ecosystem, to processing the material 
for fuel and supply to the heating plant, where the conversion to energy takes 
place. Energy is then further transferred to customers through the district heating 
networks. The energy conversion is a controlled natural (physical) process, and 
through technical means, utilised in an effective way. 
The heat energy business system is a subsection of wood energy production 
system, and includes intertwined technological and economic parts (Figure 6). 
The system has material and energy flows and transformations such as the waste 
management and by-product systems presented earlier. However, the approach of 
the heat energy business studies is different because the investigation focuses on 
the economics (cost structures and heat price formation) (Okkonen 2008b) and 
on organising the heat energy businesses (Okkonen and Suhonen 2008), on the 
basis of material flows and transformation, among other factors.
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Figure 6. The structure of heat energy business system based on woodfuels. 
Systems before the heat production are supply-chain structures of forest fuel harvesting 
(either from final loggings or from thinnings) and wood processing systems resulting 
in by-product flow. These supply-chain structures are not investigated but the analysis 
is started with certain price levels of fuels arriving at the heating plant. The focus 
of the two studies is on heat energy business system which is studied in more detail. 
Technological and economic knowledge of small-scale heat production is applied in 
business economics, including the cost structure of heat and the heat price formation 
and business model ontology that is applied in defining the heat energy business 
models.
Sources: Okkonen 2008b; Okkonen & Suhonen 2008. 
The system boundary in the wood energy study by Okkonen (2008b) is defined 
as:
•  Geographical area: the operational area of small to medium-sized wood 
energy enterprise
•  Functional boundary: heat production from the stage of supplying 
the fuel for storage at the heating plant (at a certain price) to the heat 
delivery to customers (at a certain price)
•  Flows: monetary cash-flows (values of fixed and variable costs and 
generated revenues) based on the economics of an 800 kW district 
heating scheme.  
The study by Okkonen and Suhonen (2008) applies the same framework (Figure 
6) in defining the business models of heat entrepreneurships. However, the busi-
ness model framework by Okkonen & Suhonen (2008) is conceptual and not 
operationalised in a mathematical form.  
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3.3 Development towards the sustainable management rules
The principles of the natural step framework (Holmberg & Robert 2000; Robert 
2000; Robert et al. 2002) state that nature should not be subjected to concentra-
tions of substances extracted from the Earth’s crust or produced by society, or 
subjected to degradation, additionally human needs should be met worldwide. 
Daly’s (1990) prescriptions for sustainable management rules included limiting 
the harvesting rates below the regeneration levels, waste emissions under the as-
similative capacities, and exploitation of non-renewables to the rate of creation of 
renewable substitutes.
In the studied cases we have identified potential for both dematerialisation and 
substitution. For instance, waste material can be utilised as a substitute for virgin 
raw materials, such as fossil fuel intensive fertilisers. Waste derived fuels, such 
as recovered fuels (REF), refuse derived fuels (RDF), landfill gas or biogas from 
anaerobic digestion can be used for substituting fossil fuels10. Dematerialisation is 
in connection with substitution, i.e. if virgin materials are substituted with recycled 
materials the total required amount of virgin materials should logically decrease. 
However, despite recycling, the economic growth has resulted in increasing levels 
of extraction of natural resources. 
The prevention of natural degradation requires the elimination of destructive 
interferences (e.g. over-harvesting) or even substituting the management systems 
(e.g. land uses) or location of production. Okkonen (2008b) has described the 
development path of coniferous monocultures in the Scottish Highlands, where 
some of the earlier established low-diversity lodge-pole pine (Pinus contorta) and 
sitka spruce (Picea sitchensis) stands are now clear felled and areas restored back to 
the wetlands with high biodiversity (especially birdlife). These operations can be 
considered representing the prevention of natural degradation (i.e. third system 
condition). The restoration of wetland habitats results in large volumes of harvested 
timber that is channelled both to mechanical wood processing and energy use. The 
energy use of wood temporarily supports the first system condition (substitution 
of fossil fuel oil), thus continuous support for this condition comes only if the 
forests are re-established and carbon will be sequestrated back to the biomass.
The fourth system condition by Robert et al. (2002, 199), i.e. meeting human 
needs through the use of “all of our resources efficiently, fairly and responsibly so that 
the needs of all people on whom we have an impact, and the future needs of people 
who are not yet born, stand the best chance of being met” (ibid.). This normative 
objective is not the easiest to achieve, and it calls for actions on all levels of society. 
Meeting human needs, as well as responsible and fair resource management, 
can be promoted with approaches like CSR or community based development 
approaches with dialogue, stakeholder cooperation and participatory development 
(Korhonen 2004a). In this study, the social aspect of employment is included in waste 
and by-product management studies, while the community development aspect 
is considered in local resource management and heat energy entrepreneurships.
Based on the case studies of this dissertation, and the theoretical framework of 
Strategic Sustainable Development presented earlier, the pathways for achieving 
the developments towards more sustainable waste-product, by-product and 
natural resource management will be identified.
10 It is questionable if waste derived fuels can be considered as a direct substitute for fossil fu-
els; therefore, the scenarios presented in the Pielinen Karelia case include also the substitution 
of average Finnish heat and electricity (Okkonen 2008a). 
41
3.4 Pathways towards sustainable development
3.4.1 Time horizons affecting systems’ evolution and strategic investments
To understand economic evolution, special attention is needed on the time hori-
zons that have an effect on achieving a certain goal (Faber and Proops 1996):
•  Completion time for attaining the goal
•  Capital lifetime (concerning the destructibility of the capital)
•  Entrepreneurial time horizon, i.e. the period over which the decisions 
are made
•  Foreseeable future, i.e. period over which no alterations to the systems 
potential (genotype) are expected
•  Total impacts lifetime, i.e. period in which a certain economic action 
effects the natural systems
The first four time horizons, presented above, are actively taken into account in 
economic decision-making because they have direct linkage regarding achieving 
the economic goal in question. The total impacts lifetime is often ignored in de-
cision-making due to the fact that there are uncertainties regarding the quality of 
impacts, length of the impact period and accumulating costs. The changing natu-
ral and economic systems may also affect the total impact lifetime and quality of 
impacts. For instance, emerging feedbacks from natural ecosystem changes, such 
as impacts from melting polar ice or permafrost of Siberian tundra, may increase 
the total impacts and impact lifetime of GHG emissions. Evolution of the eco-
nomic system may also be affected by new innovations, such as carbon sequestra-
tion technology, that can again change the time-spans and quality of impacts.  
According to Holmberg & Robert (2000) and Robert (2000), investments should 
be strategically planned to steer the development towards sustainability. Investments 
should also be made step-by-step to ensure the continuation of that path.
Backcasting is a strategic management and scenario approach where a well-
defined final goal is established. Then the evolution path towards it is “back 
casted” or defined as smaller steps backwards to the current state (Goldemberg 
et al. 1985; Holmberg & Robert 2000; Robert 2000). In forecasting the typically 
current state and problems are identified and realistic evolution paths are sought 
for solving problems. 
The solving of problems in shorter entrepreneurial time horizons with current 
trends, limited actions and planning methods, being often part of the problem 
itself, easily results in trade-offs in the longer run. For instance, the 1st generation 
biofuels, which were generated to substitute fossil fuels, are not necessarily any better 
in terms of GHG balances. However, in the foreseeable future, they are followed by 
developed 2nd and 3rd generation biofuels that should have much improved GHG 
balances (see e.g. Mäkinen et al. 2006; Doornbosch & Steenblick 2007).11 
Reactive problem-solving planning approaches may often lack the long-term 
11  Currently, there is debate on the impact of liquid biofuels on the rapidly rising food prices. 
The unpublished World Bank report leaked to the public (e.g. in the Guardian newspaper 
4.7.2008) with a claim of 75% impact of biofuel production on rising food prices. Even if 
there are much speculation on the level of those impacts, we can identify many similar trade-
offs and problem displacements in environmentally oriented economic development.
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direction of the system development. The direction towards the final outcome, or 
future landing place as Robert et al. (2002) calls it, is needed. However, the general 
sustainability statements are difficult to apply on the micro level without defining 
them in a more detailed way as sustainability objectives (Robert et al. 2002), or 
sustainable management rules (Daly 1991). 
In waste and by-product management and energy production systems, closed 
material loops and energy cascades, i.e. roundput models according to the vision 
of industrial ecosystem can also be defined in local production settings. The final 
outcome of the industrial systems evolution could be, for example, self-sufficiency 
and circular material flows in waste management in certain parts of the industrial 
system within a geographical area or self-sufficiency in energy production by 
utilising renewable wood fuels in sustainable ways on different geographical scales.
Holmberg & Robert (2000) point out that instead of making short term 
strategic investments, flexible platforms can be applied in investments. Flexible 
platforms mean the strategy where each investment provides a stepping-stone to 
future investments in the same direction (Robert et al. 2002). According to Robert 
et al., the investments made should be in line with the long term development 
objectives of the foreseeable future and dead-ends should be avoided12. However, 
the foreseeable future can be seen to be short term with regards to waste 
management and bioenergy. The uncertainty is caused, for example, by policy 
changes and rapidly advancing technological development.
An example of flexible platforms is the improvement of the efficiency of 
an engine. In the first stage, engines are developed for consuming less fuel and 
producing less carbon dioxide emissions. In the second step, facilitated by earlier 
steps, the engine could be designed also for biofuel combustion, without losing 
the earlier development in efficiency or emission reductions. However, a dead end 
could follow if, for example, the electric car replaces the fuel engine cars.
In heat production, the first step has been the establishment of hundreds of 
solid fuel boilers in Finnish municipalities that produce only heat. The second 
step could be investing in small scale CHP (combined heat and power) boilers 
that would enable energy entrepreneurs to submit green electricity to the national 
power grid. The latter step could be initiated with a tariff, i.e. price guarantee for 
the produced energy. The development of the energy system towards decentralised 
production would support energy self-sufficiency and reduce risks of energy 
shortages. 
Strategic investment principles also include a good return on investments, 
which results from inexpensiveness, meeting a growing market demand or future 
regulatory changes (Robert et al. 2002). To be viable, the technology should have 
enough current demand or potential to take over the market niche in coming 
years. 
Returns on investment were evaluated in the Scottish case study regarding the 
feasibility of a small scale wood energy enterprise (Okkonen 2008b). It was noted 
that, depending on the fuel price (14 € or 22 €), the investments should remain 
under the break-even points of about 280 €/kW and 420 €/kW of heating power 
12  Author considers that dead-ends are an integral part of the evolution of the natural eco-
systems, e.g. in evolution of the species and habitats. Neither is it possible to avoid them in 
economic evolution but they can serve as a stimulus for new innovations and system changes. 
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in 2005, if the objective is to replace an operating oil boiler13. The heat price was 
the most sensitive in terms of sold energy and fuel price, i.e. market guarantee and 
reliable low-cost fuel supply are essential for getting a good return on investments. 
Wood fuel price had, at the time, a price advantage when compared to the fossil 
fuel alternative that is fuel oil. However, the investments in solid fuel boilers are 
higher than in oil boilers, however, on the other hand, subsidies or grants are 
available for investments.
The economic analysis of Okkonen (2008b) was conducted with an 
entrepreneurial time horizon, i.e. the period over which the investment decisions 
are made. To become viable projects, local natural resource management, as any 
other project, must be competitive (or supported to become competitive) in the 
time horizon of economic decision-making. If the sustainability can be found 
from the total impacts lifetime, political and economic steering of the economic 
evolution can be applied.
Okkonen and Suhonen (2008) consider the investment responsibilities in 
heat entrepreneurships and note that the investment risk has a large impact on 
the establishment of businesses. However, there are ways to reduce the risks, for 
instance by including 2nd and 3rd party financing. An essential question is also 
the investment responsibility, i.e. who carries the investment risks. In the Pielinen 
Karelia case, local investments, caused by the tightening legislation, were decreased 
by joining with regional waste management cooperation (Okkonen 2008a).
The precautionary principle should be also applied when there is uncertainty 
regarding the ecological consequences and economic viability of a certain activity 
over the total impact lifetime (Robert et al. 2002). The burden of proof limits 
and delays the decisions on environmentally-oriented technologies, and also on a 
macro-level regarding reducing the human impact through global warming. 
3.4.2 Business model and earning logics 
Good return on investments is linked with the enterprise’s business model and 
earning logics. The business model concept has origins in the general business eco-
nomics, but as the ontology of business model is investigated in e-business studies, 
they are applied here as a starting point (see e.g. Timmers 1998; Selz 1999; Amitt 
& Zott 2000; 2001; Osterwalder 2004). However, applying the business model 
concept in natural resource management requires re-definition. 
The business model can be conceptualised as a combination of codified 
knowledge and organisational routines (including both tacit and experience-based 
knowledge), being contextual and evolving over time (Becker 2004; Boschma & 
Frenken 2006). A well established business model, with applicable earning logics, 
can improve the business’ viability and secure better returns on investments. 
Additionally the relational and socially constructed resources, such as experience, 
knowledge, social capital and power, affect the overall business success. 
13  A strategy to decrease the impact of investment in wood energy can be found from existing 
practices of establishing heating plant using woodfuels (Satakunnan ammattikorkeakoulu 
2004). It is not necessary to scale the solid fuel boiler to the peak demand for heating power 
(in the coldest winter times) but it can be scaled to about 50-60% of the required power 
capacity. The oil back-up boiler can be used as a support during the peak loads, keeping the 
share of oil at 10-15 % of total fuel used. This strategy of limiting the investments improves 
the return on investments and also enables easier use of the solid fuel boiler during the low 
heating loads in summertime.
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Okkonen and Suhonen (2008) define the business model of heat 
entrepreneurship as a model for business architecture for product/service flows, and 
establishing the earning logics, i.e. strategies to generate and maintain profitable and 
sustainable business operations. The business architecture starts from establishing 
the heating plant and district heating network, organising the wood fuel supply 
chains, and ends at defining the ownership and responsibilities between all the 
stakeholders involved, such as sellers and buyers of the service, subcontractors and 
fuel producers. Earning logics include second/third party financing, safeguarding 
the markets, value added by holistic value chain management, complementary 
partnerships, and networking and subcontracting. 
Okkonen and Suhonen (2008) apply the business model concept and its 
sub concepts in a short insight of the current heat energy businesses in Finland. 
Public companies/utilities, public-private partnerships, private companies 
and cooperatives, Energy Service Companies (ESCo), network model of large 
enterprise and franchising are considered applicable business models in Finland. 
Business models are not considered directly applicable in different geographical 
areas, however, they are contextual, meaning spatial contingency on available 
resources, set of technologies, organisations and informal institutions, such as 
routines, confidence and conventions (Faber & Proops 1996). For instance, heat 
entrepreneurship can be based on the purchasing of a modern heating plant in 
turn-key form with best available technology. However, without supportive 
conditions, it might be challenging to manage the operation, servicing, and 
maintenance of the plant, establish the new fuel supply chains, create partnerships 
and cooperation agreements, and organise the overall business model to ensure its 
long-term viability. 
3.4.3 Social principles and institutions of policy and legislation
To include the non-market transactions and impacts, many social principles of 
World Council on Environment and Development (WCED) for development 
(opportunities in employment, dialogue, encouragement, transparency, equity, in-
clusion, justice, health, safety, human rights, among many others) should be taken 
into consideration (WCED 1989; Daly 1990; Robert et al. 2002). They impact 
on well-being. 
Social principles of development are significant, but often omitted from 
impact assessments because they are not in the core of IE research or there have 
been difficulties in operationalising them into models. Waste and by-product 
management studies (Korhonen et al. 2004; Okkonen 2008a) have used 
employment representing the social aspect of development. However, also the 
health and security aspects are significant in waste management. For instance, in 
the 1970’s and 80’s waste incineration in mass-burn plants was found to generate 
high levels of toxic dioxin and furan emissions that are extremely harmful for 
human and environmental health. 
As Martin (2000) notes, economic action is a form of social action and can not 
be separated from questions regarding power, status and sociability, i.e. economic 
action is socially and institutionally situated. Institutional economic geography 
investigates the roles of institutions, such as formal and informal rules, procedures 
and conventions, in economic development. Formal institutions of policy and 
legislation often have system changing impacts and sometimes they also have 
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unpredictable outcomes (Jovanovic 2008). The following three examples of policy 
and legislation changes, present how institutions affect system structures and 
evolution of the economics of resource utilisation and how institutions enable, 
constrain, and alter economic evolution in spatially different ways.
a)  Harmonisation of the European waste management policy and 
legislation has favoured the waste incineration over source separation in 
Finland
The European Union’s waste management policy has a large impact on the system 
structures in waste and by-product management. Waste management companies in 
Finland have relied on source separation system with the idea of separating waste 
particles (biowaste, energy waste, paper, plastics and glass) at the source and recy-
cling them as efficiently as possible (Anhava et al. 2001). The source separated en-
ergy waste has been combusted in forest industry or energy production co-inciner-
ation plants, with the remaining non-recyclable or non-combustible residue being 
deposited in landfills. The system has been justified with arguments favouring waste 
hierarchy (European Commission 2003; Ympäristöministeriö 2008), i.e. waste pre-
vention and material recycling are favoured over incineration and final deposition 
in landfills. Investments in double structure of incineration plants were not needed 
because of source separation of energy waste and its incineration in co-incineration 
plants. The source separation system was considered better also because material 
recycling could substitute virgin materials, extraction of which causes numerous 
environmental impacts. The source separation system is dependent on the level of 
separation at source, i.e. the active participation of people and organisations. 
Most European countries have relied on waste management system with 
thermal treatment as an integral part, for example, Germany, France, the U.K. 
and Sweden. The waste mass is incinerated in large scale units with or without 
pre-treatment. The waste incineration directive (2000/76/EC) set the same 
requirements for co-incineration plants as waste incineration plants, causing 
the decline of co-incineration of waste in Finland. The directive sets the same 
requirements for measuring and controlling the emissions, and also emission limits 
that are tighter than in energy production from other sources14. The improvements 
require significant investments, resulting in the increase in cost levels of waste co-
incineration and thus its decline as a waste management option.
Another directive raising the necessity of waste incineration plants is the 
directive on landfilling the waste (1999/31/EC). Article 5 of the directive limits 
the amount of landfilled biowaste, while Article 6 requires pre-treatment of all 
landfilled waste. The increased amount of waste and limitations to landfilling will 
require greater treatment capacity both for biowaste and energy waste. 
14 The waste incineration directive sets requirements on environmental permits (Article 4), 
emission limits (Article 7), measurement requirements (Article 11) and requirements for 
utilising heat, minimising the waste generation and recycling (Article 7 and 9). The tightening 
requirements for co-incineration have resulted in increasing costs, and in some cases resulted 
in ending the co-incineration of waste in power plants of energy production. Eriksson et al. 
(2004) have described the situation where the cash-flows of recycled fuel incineration were 
expected to change due to new legislation. Before the directive, waste management company 
sold REF to incineration plant at the low price level of fuel peat, and after the directive, it 
was expected that to burn REF in co-incineration plant waste management company would 
have to pay about three times that price to the energy company. It is therefore evident that 
co-incineration of waste has declined because neither the forest industry nor energy producers 
seem to have interest in waste management as an additional business. 
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The harmonisation of the European waste management legislation has changed 
the structure of the Finnish waste management system. The source separation 
system is currently being complemented with waste incineration structures. If the 
plans of approximately a dozen waste incineration plants are realised, the source 
separation system will be replaced with an incineration based system with pre-
treatment at the plant (instead of source separation). 
The directive on landfilling, implemented by the Decision of the Council of 
the State (861/1997), also has requirements concerning the landfill base-structures, 
landfill gas collection and waste water treatment. At the local level, for instance 
in the municipalities of Pielinen Karelia (Okkonen 2008a), these requirements 
on improvements have led to the closure of municipal landfills, avoidance of new 
investments and merging into regional waste management companies. Waste is 
being transported about 120 to 180 km to the regional landfill in Kuopio. The 
changing legislation has had a system changing impact in Pielinen Karelia. The 
resulting changes in GHG emissions, economic costs, and in employment, were 
modelled in the waste management scenarios (ibid.).
b) Endogenous and integrated policies in Scottish forestry have enabled 
community access to local forest resources and creation of energy 
entrepreneurships
The Scottish case study presents the evolution of the institutional environment 
of Scottish forestry (Okkonen 2008b). The exogenous development approach, 
characterised by uneven development with external control, resulted in several 
challenges for forest management. The afforestation programmes resulted in vast 
monocultures of lodge pole pine and sitka spruce that have been under utilised 
because of low price levels in distant forest industries. 
The exogenous development approach has been replaced by endogenous and 
integrated development approaches (Lowe et al. 1998; Ray 1999; 2000; Terluin 
2003), characterised by community empowerment, control and decision-making, 
and the development of local resource utilisation capacities. Endogenous and 
integrated approaches, i.e. mixed exogenous and endogenous approaches such as 
the European Union policies at the local level, have been favoured both in Scottish 
rural development programme for Scotland 2007-2013 (Scottish Executive 2006a) 
and Scottish forestry strategy 2006 (Scottish Executive 2006b). 
The endogenous development policy includes restoration of community 
ownership (taken away during the Highland Clearances in the 18th century) 
and emergence of new institutional arrangements that are joint management 
agreements of woodlands between community groups and local forest enterprises. 
The access to community forests is being regained by the Land Reform Act of 
2003, which is an Act of the Scottish Parliament. The Act establishes statutory 
public rights of access to land for recreational and other purposes, and to extend 
some of the provisions for that purpose to rights of way and other rights; as well 
as to make the provision under which bodies representing rural and crofting 
communities may buy the land with which those communities have a connection; 
and for connected purposes.
The access to economic utilisation of local forest resources provides opportunities 
for community based development projects, such as heat entrepreneurship based 
on locally produced/procured woodfuels (Okkonen 2008b). However, the 
presented economic analysis indicates that if existing heating systems are replaced 
with woodfuel heating systems, investment support or other financial support 
mechanisms are needed (ibid.).  
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c) Local political support on a municipal level has facilitated heat 
entrepreneurships based on locally produced woodfuels 
The study of business models of heat entrepreneurships in Finland (Okkonen & 
Suhonen 2008), introduced the cooperation models between the public municipal 
authorities or large-scale companies and private entrepreneurs or small-scale enter-
prises. The support by municipalities, for example, in the form of co-ownerships 
of the heating units, has enabled SMEs to take care of the municipal service. Ac-
cording to Robert et al. (2002) transparency in development policy creates trust, 
helps in mobilising the entire supply chain and all stakeholders into joint develop-
ment process, opening up possibilities for business agreements and cooperation. 
The public sector can generate opportunities for rural employment by encourag-
ing community groups or cooperatives to provide heating services. For instance, 
the municipality of Eno in Eastern Finland (which joined the City of Joensuu in 
January 2009) has made a strategic decision to support local entrepreneurship by 
privatising heat production; now it is owned by a local energy cooperative. This 
political support is also included in the municipality’s strategy for the years 2006 
to 2012. (Enon kunta 2006) 
3.5 Theoretical synthesis
Synthesis of the theoretical part of this dissertation originates from the systems 
theoretical framework and evolution of the system structures of economy with ad-
hoc spatial configurations from linear throughput systems towards cyclic round-
put systems (Figure 7). Behind this evolution are socially constructed goals aiming 
at sustainable development and the adoption of industrial ecology paradigms, as 
well as interpretation of human socio-economic system as crucially linked to the 
natural ecosystem and interconnectedness of human and natural systems. The two 
key mechanisms for the change from throughput to roundput are dematerialisa-
tion and substitution. 
Additional important parts in the system’s structural evolution are actions and 
strategies and pathways towards change. Actions include re-using, recycling, energy 
cascading and renewable energy production. Strategies and pathways for systems 
change are, for example, strategic investments, business models, and political 
and legislative means. Development should also be in accordance with societally 
accepted principles of development, such as opportunities in employment, 
dialogue, encouragement, transparency, equity, inclusion, justice, health, safety 
and human rights. 
The case studies of this dissertation focusing on waste and by-product 
management (Korhonen et al. 2004; Okkonen 2008a) contribute to the theoretical 
systems framework on several levels. Firstly, they include and test the theory of 
industrial ecology and discussion on the interdependencies and sustainability 
aspects of the human and natural systems at a topical and local level. Secondly, 
they focus on identifying the potential for the activities of dematerialisation and 
substitution in waste and by-product management systems, resulting in evolution 
of material and energy flows toward the roundput model of industrial ecology 
(Korhonen et al. 1999; Korhonen 2000; Niutanen 2005). Thirdly, the impact of 
formal institutions of legislation and policy on the evolution waste management 
structures and material and energy flows is geographically scrutinised. Finally, the 
context enables the development of a new tool of industrial ecosystem indicators. 
SYSTEMS EVOLUTION OF WASTE AND BY-PRODUCT MANAGEMENT AND BIOENERGY PRODUCTION 48
Indicators have been applied in scenarios dynamising the systems evolution and 
informing policy makers about environmental, economic and social impacts of 
different waste management options15.
15  It is a challenge to measure sustainable development, due to qualitatively different nature of 
the environmental, economic, social and cultural development (Korhonen 2002a; Korhonen 
et al. 2004). In addition, the holistic approach would require inclusion of numerous aspects 
on each sub theme, not to mention the problem of verifying the impacts in the same metrics. 
Therefore, a framework of strategic sustainable development could be applied for determining 
the applicable tools for different levels of measuring sustainability (Robert et al. 2002). The 
framework includes tools for monitoring the actual impacts in the system (e.g. changes in em-
ployment or maintenance of natural habitats can be monitored with specific tools), and tools 
for evaluating the complying of actions with the overall plan and objectives (e.g. monitoring 
if the selected paths are actually bringing societies and the manufacturing sector closer to the 
sustainability objectives).
Evolving spatial institutional context with social and cultural interlinkages
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Figure 7. Synthesis of the applied systems’ theoretical framework regarding 
evolution of material and energy flows. 
The general theoretical starting points of the performed studies focusing on waste and 
by-product management and bioenergy production are human-nature interdependency, 
sustainable development (and its objectives and sustainable management rules) and 
industrial ecology. As a prescriptive part of the theory, the linear throughput structure 
of industrial production should be developed towards the roundput model of natural 
ecosystems, where materials are recycled and energy used in different quality levels. 
Actions for this kind of spatial economic evolution are, for example, re-using, recycling, 
energy cascading and renewable energy production. Behind these actions there are two 
mechanisms of dematerialisation and substitution. The systems evolution is facilitated 
by the evolution of the institutional environment and arrangements, such as human 
socio-economic strategies and pathways, strategic investments, business models, policy 
and legislation, and social principles of development. Systems functioning, performed 
actions and applied strategies and pathways can be analysed with various tools 
and metrics with purposes varying from monitoring, evaluation to forecasting and 
backcasting. Tools can be further applied in generating scenarios that inform policy 
makers on the potential impacts of the decisions, and thus provide feedback for spatial 
economic evolution. The focus of the studies may vary from investigation of spatial 
institutional environment and arrangements, certain material or substance flows, and 
their evolution. 
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Investigation of Scottish forestry policy and potential heat energy 
entrepreneurship in the Scottish Highlands (Okkonen 2008b) contributes to 
the theory of spatio-economic systems evolution, especially on a specific spatial 
institutional context and its impact on the systems change. An empirically studied 
mechanism is renewable energy production and substitution of fossil fuels in 
local district heat production in Northern Scotland. The study investigates the 
contingencies of policy and legislation contexts related to the community’s access 
to local resources. 
As Jovanovic (2008) notes, the institutions provide “a stability glue” for collective 
action as they reduce transaction costs, and also reduce uncertainty. Institutional 
proximity can enhance stability and reliability of the community’s businesses, but 
in too high levels can also cause lock-in effects, i.e. kind of institutional sclerosis. 
Policy and legislation, as well as community strategies and interests to attain 
access to community forest resources, provide a promising arena for wood energy 
businesses in the Scottish Highlands (Okkonen 2008b). However, organisational 
evolution (with capacities in energy businesses) and locally suitable technologies 
are needed to establish viable wood energy schemes.
The study in the Scottish Highlands presents the community perspective on 
resource management and the social principles of development. The investigation 
develops a potential business model for local wood energy production. The 
applied tool is a net present value method (see e.g. Pant 1986, Schofield 1987; 
Layard & Gleister 1994, Boardman et al. 1996, Caltrans 2004) based on cash-
flows from an 800 kW district heating scheme. The tool is further applied in 
heat price simulations and profitability scenarios of different investment levels. 
The scenarios provide information for decision-making on the potential of wood 
energy business in the studied institutional and geographical context. 
In a framework of evolutionary geography, one of the key issues is to investigate 
the institutions affecting the economic system. For instance, how flexible and 
responsive institutions are to spatial change, and how they evolve or co-evolve 
with processes of technological innovation and industrial dynamics (Boschma & 
Frenken 2006). Institutional and evolutionary perspectives of economic geography 
converge in a co-evolutionary perspective, in which technology, markets and 
institutions mutually influence each other over time.
The study on heat energy business models (Okkonen & Suhonen 2008), 
investigates the institutional and organisational evolution of the small-scale 
resource systems. The theory building in business models includes elaboration of 
the strategic investments and local policies of cooperation between the public and 
private bodies. The importance of the study rises from theoretical conceptualisation 
of the system changing strategies.
As the case studies in this dissertation indicate, the systems theoretical 
framework, with an evolutionary economic aspect, provides opportunities for 
detailed studies on advanced resource economics. The focus of the studies can 
vary from general evolution of the material and energy flows of the system towards 
the desired outcome, building tools of material flow analysis, the analysing of 
strategies or pathways of system development in a geographical space, and to the 
conceptualisation of institutional and organisational evolutions (contextual and 
inter-firm levels).
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4 Methodology
4.1 Critical realism
Realism provides the methodological background for this research. This method-
ological strand follows critical realism initiated by Bhaskar (1978) as a philosophy 
of transcendental realism and a special philosophy of human sciences called critical 
naturalism. These have later been applied by several advocates uniting them into 
critical realism (Sayer 2000).
According to the transcendental realism by Bhaskar (1978), for scientific 
investigation to take place, the investigated unit (or object) must have real, 
manipulable, internal mechanisms that can be actualised to produce particular 
outcomes. In realism the causation is not in the model of regular succession of 
events, but the explanation depends on both identifying the causal mechanisms 
and discovering if the mechanisms have been activated and under which conditions 
(Sayer 2000). This viewpoint is different from empiricism and positivism where 
the observation focuses on the direct cause and effect relationships by observing 
regularities. 
Therefore, science could be understood as an ongoing process of improving 
the concepts used for gaining the better understanding of studied mechanisms 
and systems. Sayer (2000, 27) finds a common aspect of critical realist research 
in the prioritising of conceptualisation and abstraction, i.e. “in how we ‘carve up’ 
and define our objects of study tends to set the fate of any subsequent research”. 
From the systems approach point of view we can also note that the abstraction of 
the system and separating it from its environment is greatly dependent on, and 
determined by, the research objectives. 
Outhwaite (1987) has defined the ontological principles of realism as:
•  Distinction between transitive (models and concepts) and intransitive 
(real) objects that constitute natural and social world.
•  Division of reality into the real, the actual and the empirical, where the 
empirical is in contingent relation with the real and the actual16. 
•  Causal relations are tendencies determined by interactions of generative 
mechanisms. Interactions need not necessarily produce events, or be 
observed.
According to Sayer (2000), “the real” refers to structures and powers. It is whatever 
exists, natural or social, regardless if it is an empirical object for us, or whether we 
have an understanding of it. The actual refers to activation of powers (e.g. capacity 
to work and working), and the empirical, i.e. knowing and observing the real and 
actual. The division into the real, the actual and the empirical forms the stratified 
ontology of critical realism. In addition, critical realism includes the concept of 
emergence, which refers to the situations where conjunction of two or more fea-
tures gives rise to new phenomena. Sayer presents the standard example of water 
16  Accordingly, economic production is geographically contingent (Tykkyläinen 2008). There 
are necessary conditions of economic production, such as requirement of profit-making, that 
are independent of geographical context. However, wide-range of geographically contingent 
conditions, such as availability of natural resources or physical distance affecting on logistics, 
formulate much the economic landscapes. Moreover, those landscapes have generated and 
facilitated by in certain institutional conditions, and are evolving continuously.
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that has emergent properties different from its constituents, hydrogen and oxygen. 
In the same way, social phenomena are emergent from biological phenomena.
Outhwaite (1987) finds the realist conception of explanation as involving 
the postulation of explanatory mechanisms and attempts to demonstrate their 
existence, which leads to two methodological procedures of realists: 1) need 
to identify how something happens, and 2) to determine how extensive the 
phenomenon is. Tykkyläinen (1999) presents a geographical application of this 
realistic methodological procedure in the conceptualisation of rural transition and 
community survival strategies in Eastern Europe, especially in Russia. According 
to Tykkyläinen, the case study approach provides valuable information regarding 
the existence and place-specific structures of a process or phenomena, such as 
community survival strategies. Determining how extensive the phenomenon is 
(i.e. generality) would thus require extensive research with a large number of cases 
and statistical generalisation. 
Bhaskar (1978) argues that the transcendental realist model of science is 
equally applicable to both the physical and the human worlds. This is because 
it offers a similar epistemological and ontological foundation for integration. 
According to Yeung (1997), critical (transcendental) realism assumes that science 
is an ongoing process and searching for causal laws is an explanation not a 
prediction. Yeung (1997) also finds ontological issues of natural science that can 
be derived from transcendental realism. Firstly causal powers exist also without 
human intervention. Secondly, there is natural necessity of causal powers (e.g. 
generative mechanisms). Thirdly, open systems do not necessarily have regularity 
in conjunction with events and outcomes. 
However, when we study the human world we are studying something 
fundamentally different from the physical world and must therefore adapt our 
research strategy to these conditions. Critical naturalism prescribes a social 
scientific method which seeks to identify the mechanisms producing social events, 
but with a recognition that these are in a much greater state of flux than they are in 
the physical world. Human agency is enabled by social structures that also require 
reproduction of certain actions and pre-conditions. Inhabitants are also capable 
of conscious reflection and changing of actions and therefore altering structures 
(Bhaskar 1978). Critical realism has an interpretative and hermeneutic dimension 
that is needed, for example, when studying social systems with communicative 
interactions (Sayer 2000). 
The applicability of critical realism in integrating the research of human and 
physical geographies has also been noted by Määttänen (1999) and Ratinen (2005). 
Ratinen (2005) integrates structures (physical and human geography systems), 
mechanisms (natural and social scientific phenomena) and events (environmental 
nuisance and socio-economic significance) into a synthesis. The path from 
structure to mechanism and to event is not considered as straightforward, but the 
stages affect each other. In addition, in the critical realist view of causation (Sayer 
2000), conditions or other mechanisms affect the causation in open systems. 
Sayer (1992) presents three types of geographical research in realism. Firstly, 
there is abstract theoretical research that is focusing on structures and mechanisms. 
Secondly, there is concrete practical research with focus on actual events and objects 
that are isolated and examined through structures and mechanisms. Thirdly, the 
empirical generalisation is concerned with regularities and common properties of 
events. Finally, synthesis building combines the three other types of research in 
order to describe the functioning of the entire subsystem. The goal of synthesis 
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building is typical in systems analysis in geography. However, the synthesis can not 
be built without abstraction, the study of actual and measuring or some other way 
of verifying the regularities or common properties of events. 
Sayer (1992; 2000) presents intensive and extensive research methods as 
approaches in realism which fits the idea of the distinction between the specific 
and general. Intensive research determines how processes work in a particular 
case, or limited number of cases, while extensive research seeks regularities and 
common patterns, and finds representative generalisations. Intensive research is 
often qualitative, while extensive often relies on numerical statistical methods and 
large-scale questionnaires, for instance. This dissertation has an approach of theory 
building based on individual studies that is closer to the intensive approach. The 
research approach is not directly defined in only one of the categories of intensive 
or extensive but is located between these. 
4.2 Applied geographical approach
The case studies in this dissertation focus on improving the geographical engineer-
ing of waste management and energy production. The investigation of resource 
systems requires technical understanding not typical for geographers. However, 
the applied geographical approach with systems perspective enables the integra-
tion of technical engineering data into wider contexts of socio-economic systems 
and interconnections of natural and human systems. 
According to Pacione (1999), applied geography can be defined as the application 
of geographic knowledge and skills to the resolution of social, economic and 
environmental problems. Pacione considers that the unifying concept for applied 
geography is not a specific model or theory but the fundamental philosophy of 
relevance or usefulness for society. Studies are often conducted outside academia 
and have direct linkage to decision-makers and enterprises, though are not steered 
by them.
The applied geographical approach, combined with engineering, entails the 
utilisation of process technological data from literature and experience in defining 
of system structures, subsystems, relevant processes in subsystems, and flows 
between the systems. In engineering, the focus is in the detailed (but also strictly 
bounded) investigation of production processes and material flows. For instance, 
processes causing emissions are often studied only in terms of carbon dioxide, with 
other types of emissions being omitted from the study. In addition, to understand 
the economics of waste and by-product management or energy production, 
engineering data is needed for determining inputs, processes and outputs that 
create the actual costs and revenues, and eventually employment opportunities.
How then does applied geography suit this kind of research where part of 
the focus is technological? The problems in utilisation of natural resources and 
the management of waste and by-products are genuinely spatial17. Geographical 
17  The structures of waste and by-product management and renewable energy production 
are very different in different parts of Europe, not to even mention globally. The physical 
geographical contexts vary but also structures of human systems. For instance, many European 
countries have relied on waste incineration while in Finland the objective has been in source-
separation of wastes. The harmonisation of European policy will eventually lead to increasing 
road transportation of waste in small municipalities, and establishment of new incineration 
structures in Finland.
53
systems perspective enables a holistic study of sustainability and helps to point out 
trade-offs or problem displacements that are often forgotten in specialised technical 
studies. Geography has relevance in revealing human-nature interdependencies in 
a wider theoretical setting and can contribute both to the physical geographical 
and human geographical issues. 
Theory building in the realistic meta-theoretical setting is associated mostly 
with case studies where empirical data from single or multiple cases is applied 
in theory formation18. Applied geography with enriching case studies develops 
understanding and explanations of the studied phenomena. Theory building 
(through case studies) utilises case derived data in the creation of new theory, or 
generation of dialogue with existing theoretical models, in order to challenge or 
elaborate them. 
In this research, the geographical systems approach is complemented with 
evolutionary perspective originating from the recent theorising of evolutionary 
economic geography. Therefore, the approach aims at theory-building and 
enriching the interpretation of the results of empirical case studies. The 
contribution in theory rises then from the integration of different theoretical parts 
into one synthesis, which provides a framework for studies of sustainable resource 
management.
18  For instance, Glaser and Straus (1967) have detailed a comparative method for developing 
grounded theory and Yin (1991) has presented a model for case study research.
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5 Materials and methods
5.1 Waste and by-product management
The developed method of Industrial Ecosystem Indicators (IEI) (Korhonen et al. 
2004; Okkonen 2008a) is based on geographical systems analysis and Material Flow 
Analysis (MFA) which is a widely applied tool of Industrial Ecology (Korhonen 2000). 
The method of IEI is comprised of four steps that are detailed here in subchapters:
1. Defining the system and its structures
2. Identifying material flows and mass-balances
3. Modelling the system using Industrial Ecosystem (IE) Indicators
4. Applying the IE indicators in scenarios of system evolution
5.1.1 Defining the system and its structures
Geographical systems analysis starts by defining the system and its structures 
(Huggett 1980). Firstly in the lexical phase, the objectives of the systems analysis, 
as well as the system components and boundaries are defined. The objectives of 
the concrete systems analysis in the case studies presented in this dissertation, 
derived from the research questions, are firstly, to compare the performances of 
waste management options, and secondly, to outline the optimal structure of the 
waste management system. These questions are investigated in a system of waste 
management and logistics, starting from waste and by-product collection and end-
ing with disposal or material and energy recovery.
According to Huggett (1980), in the parsing phase the linkages between the system 
components are identified. These include, for example, theoretical interconnections, 
empirical knowledge based equations and statistical correlations. The parsing phase 
of the integrated waste management and energy production systems in Satakunta 
and Pielinen Karelia is carried out by applying the model of source-separation system 
(e.g. Anhava et al. 2001), based on both on the interconnections from theoretical 
literature and empirical observations of waste management practices. The source-
separation model is still prevailing in Finnish waste management, but is being 
increasingly challenged by the energy recovery model. 
The systems framework comprises the waste management technologies 
constituting the main components of the system that are parameterised by the 
estimates of the waste and by-product flows. In Figure 8 the system model of 
regional waste management system of the Satakunta case study is graphically 
presented (Korhonen et al. 2004). In the Pielinen Karelia case study (Okkonen 
2008a), a similar system model as in Satakunta case was constructed and modified 
according to locally available technologies. 
Figure 8 presents the main system flows and components of regional waste and 
by-product management system. The material flows are waste and by-products 
that are managed with waste management technologies. In addition, material 
flows include indirect flow of fertilising use of biowaste residue, and indirect flow 
of recovered energy from waste, that can be reutilised outside the studied systems. 
The model presents the general structure of the systems, but as it is a structured 
model for the purposes of this research, it does not include all the aspects of waste 
management. System inputs, beside waste, also include fuels, electricity, capital 
and labour. System outputs consist of recovered and waste energy, recovered 
materials and emissions.  
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5.1.2 Identifying material flows and mass-balances
Material Flow Analysis (MFA) is a tool in industrial ecology to analyse the flows 
of material between the economy and environment, economy being the subsystem 
of the natural system. MFA enables a better understanding of the flows of mate-
rial through the industrial and natural ecosystems, calculations of indicators, and 
development of strategies for material flow management and reducing harmful 
impacts (see e.g. Tykkyläinen 1988; van der Voet 1996; Udo de Haes et al. 1998; 
Korhonen 2000; Ratinen 2005). 
Figure 8. The model of the direct waste and by-product flows, and indirect flows 
of recovered energy and fertilisers, in the integrated waste management and 
energy production system of the Satakunta region. 
Flows and activities inside the waste management subsystem boundary (waste 
collection, transportation and management) lead to direct positive and negative 
environmental, economic and social impacts. However, these impacts may be 
compensated for (or further strengthened) by the indirect impacts resulting from 
waste material and energy recovery and their utilisation activities in larger social 
or economic system. These are, for example, environmental, economic and social 
impacts of replacing fossil fuels or fossil fuel-based nutrients with their waste derived 
counterparts in societal/economic sectors of agriculture, industry and residential 
household systems.
Source: Korhonen et al. 2004.
SYSTEMS EVOLUTION OF WASTE AND BY-PRODUCT MANAGEMENT AND BIOENERGY PRODUCTION 56
Material Flow Analysis has been mostly applied in macro-economic contexts, 
varying from countries to cities and including different types of industries (Kleijn 
& van der Voet 2001). However, the applications of MFA vary greatly covering the 
accounting of total mass flows, bulk material flows and flows of substances (Van 
der Voet 1996; Van der Voet et al. 2000). Accordingly, MFA can be carried out in 
different geographical levels, as well as in local production systems.
MFA is a way to operationalise the concepts of industrial metabolism (Ayres 
1989). The economy’s metabolism (use, processing and consumption and recycling 
of material) is compared with the various uses of materials in the biosphere. Thus, 
in MFA, the economy is abstracted in terms of its materials flows and stocks. 
Kleijn and Van der Voet (2001) present the following general characteristics 
of MFA:
•  The application of systems perspective
•  All flows are considered from the cradle to the grave (as in the LCA 
approach)
•  Calculation principles are based on:
 ˚ Law of conservation of mass, i.e. mass of a closed system will remain 
constant regardless the processes inside the system (Lavoisier 1789, 
according to Kleijn & Van der Voet 2001).
 ˚ Inputs to the system are equal to the outputs
•  Focus is on annual flows
•  The use of geographical system boundaries
The MFA carried out in this study follows the above general principles with one 
exception: material flow analysis starts from the waste and by-product mass that 
is disposed to waste treatment. For instance, no earlier impacts, such as those gen-
erated in manufacturing of the products, have been considered with the system 
being limited to the waste management activities.
Material flow accounting (or bookkeeping) means the identification and 
organisation of relevant data on flows and stocks of the system investigated (van 
Holderbeke & Timmermans 2002). In macro-level accounting the large sets 
of statistical data on economic production are applied to construct a materials 
balance for further analysis. 
In this study, the accounting of material flows is applied within the boundaries 
of the waste and by-product management system in the study areas. Accounting is 
part of the second stage of the geographical systems analysis, i.e. the quantification 
of the system (Huggett 1980). Accounting includes the quantification of 
municipal solid waste, biowaste and energy waste mass balances channelled to the 
transportation and to the options of treatment, management and disposal19. The 
19  The analysis of Satakunta regional waste management system (Korhonen et al. 2004) 
utilises secondary quantitative data on mass-balances of wastes. Main data is from Prizztech 
Oy (Kuusinen 2002) that constitutes the amount of municipal solid waste in Satakunta 
municipalities. This data is complemented with secondary quantitative data from Statistics 
Finland, Finnish Agricultural register TIKE, VAHTI waste material database and Fennica 
database (Korhonen et al. 2004). Research materials were collected in Regional Industrial 
Ecosystem Management project at the University of Joensuu. Base year of 2000 was used 
in the analysis. In the Pielinen Karelia case study (Okkonen 2008a), the mass balance data 
consists of materials provided by the local municipalities, gathered by site visits, direct contacts 
to personnel in waste management  and mass-balances data collected in Pielinen Karelia waste 
management project (See also Okkonen 2004). Mass balances include municipal solid wastes 
(MSW), bio wastes (BW) and energy wastes (EW) in year 2003 that is also the base year of the 
analysis (Okkonen 2008a).
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result of accounting, i.e. the mass-balances of wastes and by-products directed to 
treatment, management or disposal, is applied in the third step of the analysis; 
modelling of the system by Industrial Ecosystem Indicators.
5.1.3 Modelling the system by Industrial Ecosystem (IE) Indicators
In the modelling of a spatial resource system, the components and their linkages 
are put into a model form, which is subsequently operationalised (Huggett 1980). 
In this study the model developed for analysing waste and by-product manage-
ment is a static model applying one year waste mass-balances. A static model 
defines the flows and stocks in a waste management system as interdependent 
variables, i.e. mathematical equations reflect the relations between the inputs and 
outputs of the processes (see also van der Voet 1996; Van Holderbecke & Timmer-
mans 2002; Ratinen 2005). As Ratinen (2005, 71) notes: “the core (of the static 
model) is a consistent mathematical structure that is developed on the assumption 
that it is possible to specify the relations between different flows and stocks within 
the system, so that the origins of the specific problematic flows can be traced and 
the effectiveness of certain developments of measures can be estimated”. 
The computer-based models used in the waste management modelling can be 
divided into simulation and optimisation models (Tanskanen 1996). Simulations 
are used in the investigation of ready-made systems as well as to compare their 
performances. More complex optimisation models are used to find the optimal 
solutions in terms of certain guidelines and optimisation problems, for example, 
for finding the most suitable location or shortest possible transportation routes. 
In this dissertation, the management of municipal solid waste (MSW), biowaste 
(BW) and energy waste (EW) masses are simulated in the Satakunta and Pielinen 
Karelia systems.
The integrated waste management and energy production model, applied 
in case studies of waste and by-product management, has the following sub 
components20.
•  Database on waste and by-product mass-balances
•  Waste collection and transportation component
•  Biological treatments component including both aerobic and anaerobic 
processes
•  Thermal treatments component
•  Landfilling (disposal) component, including landfill gas recovery and 
use either in flare incineration or energy production
The static modelling of waste management, based on mass-balance method 
(Bingemer & Cruzen 1987; AEA 2001; IPPC 2001; Tuhkanen 2001, Korhonen 
et al. 2004; Okkonen 2008a), applies equations on landfill gas and biogas forma-
tion (that can be both considered as harmful GHG emissions, or when captured 
effectively, as renewable fuels). 
The waste types and their calorific values are known, enabling the modelling 
of thermal treatment by applying the emission co-efficients of bulk-waste and 
recycled waste (Pipatti & Tuhkanen 1999; Koskela 2002). By applying the waste 
20  The equations and parameters applied in modelling are presented in more detail in Ok-
konen (2008a).
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transportation model applied by Nieminen and Isoaho (1995), and the parameters 
of the LIPASTO traffic emissions model (VTT 2009), the mass-balance can be 
directly converted into transportation activities generating certain emissions, costs 
and employment opportunities. 
Kleijn and Van der Voet (2001) identify two factors requiring dynamising 
the material flow model. Namely, there is a delay between the inflow and the 
outflow of a material in different parts of the system. This delay effect is relevant 
in the landfilling of waste where emission release takes over 80 years. In addition, 
at some point in time when the inflow is larger than the outflow, materials are 
accumulating in stocks (ibid.). The dynamic analysis of waste and by-product 
management would be possible, for example, by applying the first order kinetic 
model (First Order Decay-method, FOD) with the inclusion of waste degradation 
over long time periods (Peer et al. 1993; Pipatti et al. 1996). However, in this 
study the application of this dynamic method was not possible due to the lack 
of time-series data as well as the available time and limited budget. In addition, 
the mass-balance based static method was considered sufficiently applicable in 
comparing the waste management options based on annual waste flows. 
The modelling conducted in this study is a simulation aiming to quantify the 
three types of impacts of waste management alternatives (Korhonen et al. 2004; 
Okkonen 2008a):
•  Environmental impacts
˚ Direct greenhouse gas emissions and indirect emission savings as CO2 
equivalents (CO
2
 eqv./t waste)
•  Economic impacts
˚ Direct and indirect costs and revenues of waste management addressed 
to the waste management body; either the local municipality or a 
waste management company (€/t).
•  Social impacts
˚ Direct employment opportunities (personnel working years).
The developed indicators of assessment follow the waste management process and 
are divided into two main categories (AEA 2001; Ljunggren Söderman 2003a; 
Korhonen et al. 2004; Okkonen 2004; Okkonen 2008):
•  Modelling of direct impacts of
˚ Transportation and collection
˚ Landfilling
˚ Biological treatment
˚ Waste incineration
•  Modelling of indirect impacts of
˚ Utilisation of waste derived materials (biowaste residue as fertiliser) 
and energy outside the waste management system, e.g. in sectors of 
agriculture, industry and households21.
21  Indirect impact is widely applied also in economic analyses, typically referring to the chang-
es in production, employment or income in those sectors that are producing inputs to the 
sector analysed. Here the indirect and direct is applied in terms of impacts generated outside 
the waste management, thus depending on the flows from the waste management sector, such 
as fertilising value of biowaste final residues or energy recovered from waste.
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The activities within waste management systems, such as energy and material 
recovery, can lead to major environmental impacts occurring outside the actual 
waste management system. It is essential to also consider these indirect impacts to 
get an indication of the overall impact. 
A similar categorisation of direct and indirect impacts has been used by 
Ljunggren Söderman (2003a), in a study of the global warming potentials (GWPs) 
of future waste management solutions for Sweden. The direct and indirect GWPs 
of recovering power, heat, biogas, materials and nutrients were investigated and it 
was noticed that indirect impacts change the rankings of the waste management 
solutions in terms of their GWPs. 
Ljunggren Söderman (2003a) considers the indirect environmental impacts to 
be important in providing information to support strategic planning that involves 
choosing between waste management solutions. Ljunggren Söderman notes that 
”ultimately, it is a question of improving the ability of waste management planners 
to design environmentally sustainable and robust waste management systems. 
Increased knowledge of the indirect environmental impacts of waste management 
can contribute to providing such an improvement (Ibid., 15).”
The indirect impacts are sensitive in terms of system boundary definition. 
Therefore, here it is considered that the origin of each indirect impact should be 
presented in detail. Moreover, when applied carefully, the information regarding 
the indirect impacts can significantly contribute to decision-making and help to 
avoid trade-offs and problem displacements. 
Environmental indicator of an industrial ecosystem (Korhonen et al. 2004; 
Okkonen 2008a) presents carbon dioxide equivalent emissions of waste collection, 
transportation, treatment/management, disposal and/or material and energy 
recovery. The emissions include both direct and indirect, and positive and negative 
(negative emission is named also as emission saving). The environmental indicator 
focuses only on this one aspect of environmental impacts, and thus can not be 
used in overall environmental evaluation. 
The indirect environmental impact consists of emission savings from 1) 
substituting primary energy produced in energy production system with waste 
derived energy, and 2) substituting fossil-fuel intensive fertilisers with residue 
fertiliser from biowaste management.
How can the environmental indicator of an industrial ecosystem be applied? 
Firstly, the environmental indicator is applicable when it measures the GHG 
emission reduction potential of waste management. Waste management causes 
only about 3% of total anthropogenic GHG emissions, though it still totals about 
1.4 Gt CO
2
-eqv/a (Bogner et al. 2008). In terms of emission reductions, the waste 
management sector has great potential because operations can be conducted at the 
point of source, for example, by controlling biowaste and waste water treatment 
processes. Secondly, the environmental indicator can be applied in the evaluation 
of GHG emission impacts of potential substitutions of virgin materials with waste 
derived materials, or primary energy with recovered energy. The emission reduction 
potential in replacing virgin raw materials can be very significant. For instance, the 
production of primary aluminium generates tetrafluoromethane (CF
4
) emissions 
that have approximately 6500 times greater global warming potential (GWP) than 
carbon dioxide. The use of recycled aluminium, therefore, produces only 4% of 
the GHG emissions compared to virgin aluminium (see e.g. AEA 2001). 
The economic indicator is based on direct and indirect costs and revenues, 
i.e. cash flows of waste and by-product management (generated in collection, 
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transportation, treatment, management, re-use and final disposal of waste). Most 
of the cash flows are the direct costs of waste management and revenues which are 
mainly generated in the substitution of primary fuels of energy production. The 
economic indicator is addressed to the waste management organisation; either 
the municipality or waste management company. Therefore, the applicability of 
indicators is in the calculation of cash-flows per operational unit. These cash flows 
could be further applied as costs and revenues of economic feasibility analysis of a 
project or an enterprise (e.g. with net present value method).
The indirect economic impact is generated when 1) primary energy is 
substituted with waste derived (e.g. saved fuel costs), and 2) when fertilisers are 
substituted with residue fertiliser from biowaste management22.
The social indicator of industrial ecosystem presents direct employment 
opportunities that are generated in each waste management option, i.e. the more 
work input waste management requires, the higher is the indicator value. The 
indicator is calculated by using literature based coefficients of direct supply-side 
employment impact of different waste management technologies (RPA 2001), and 
by the modelling of waste collection and transportation time using a waste collection 
and transportation model (Nieminen & Isoaho 1996). The indirect employment 
impacts have not been included in the analysis due to several uncertainties in their 
analysis. The analysis of indirect employment impacts would have required detailed 
information on employment dynamics of sectors outside waste management. 
The indicators developed are based on the accounting of one year mass-balances 
of waste, which make them static. However, the method enables the updating of 
mass-balance data and thus dynamic time-series that could indicate development 
trends. The static simulation is considered sufficient when considering the aim of 
the research, i.e. comparison of technologies in terms of their direct and indirect 
environmental, economic and social impacts. The identification of environmental, 
economic and employment impacts is not claimed to be comprehensive, however, 
each aspect has a specific indicator that is considered important on the basis of 
waste management policy, legislation and planning. Assessing the long-term 
impact would require a time series of research data.
5.1.4 Applying the IE indicators in scenarios of systems evolution
Scenarios are ways to apply metrics and indicators to describe the foreseeable fu-
ture (see e.g. Kuusi 1999). Scenarios are often linked in predicting the future, 
and are used as a support for decision-making. According to Kahn & Wiener 
(1967), scenarios are hypothetical processes or situations, designed for bringing 
attention to causal processes and units of decision-making. Schoemaker & Van der 
Heijden (1992) define scenarios as tools based on different future situations and 
environments, aiming to improve the decision-making processes. Beck (1982) has 
an important addition to the definition; noting that even if scenarios should have 
coverage up to the limits of possible, they should not exceed those limits. It is true 
that scenarios without realistic basic assumptions are not usually applicable if the 
purpose is to support decision-making. 
22 This second indirect economic impact is questionable because biowaste derived fertiliser 
does not have currently markets in Finland but Central European market values have been 
applied. On the other hand, this fertilising value has small contribution to the indirect impact, 
as presented in the Pielinen Karelia case study (Okkonen 2008a). 
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The Intergovernmental Panel on Climate Change (IPCC) published the Special 
Report on Emission Scenarios (SRES) in 2000 (IPCC 2000). The SRES -scenarios 
estimate 40 development paths of climate change depending on several background 
factors (such as population development, energy consumption and technological 
development), feedback loops and other uncertainty factors. Scenarios indicate 
continuous global warming for the next 100 year period (estimated increase of 
mean temperature varies from 1.1 to 6.4°C by 2080). However, the increase will 
be contingent on the evolution of the socio-economic system. 
There are several studies in waste management and renewable energy with 
applied scenarios of hypothetical future situations (see e.g. Lohineva 2001; 
Tuhkanen 2001; Ljunggren Söderman 2003a; 2003b; Snäkin 2004; Niutanen 
2005). The scenarios of this dissertation vary from the general level of combining 
different technologies as scenarios for regional waste management (Korhonen et 
al. 2004) to the more detailed level with case specific scenarios (Okkonen 2008a; 
2008b). Scenarios dynamise the economic evolution of the systems in question 
and provide predictions of the foreseeable futures in resource management.
Industrial ecosystem indicators are applied in scenarios of regional waste 
management in the Satakunta region (Korhonen et al. 2004) and Pielinen Karelia 
district (Okkonen 2008a) in two different ways.
Firstly, in the Satakunta case study (Korhonen et al. 2004) scenarios are 
constructed in order to compare the principal waste management alternatives in 
terms of their environmental, economic and employment impacts. The scenarios 
are constructed with the following steps: 1) defining five alternative system 
structures for regional waste management, and 2) simulating the management of 
one year waste masses in these systems. 
The five alternative waste management options have been constructed, 
including the 0-scenario (current state in 2000), improved landfilling (landfilling 
with landfill gas recovery and utilisations), biological treatment (composting and 
anaerobic digestion), thermal treatment (mass-burn and incineration of refuse 
derived fuels) and integrated treatment scenarios (best performing alternatives for 
different types of wastes) (Korhonen et al. 2004). 
The scenarios are needed to anticipate changes following from the changing 
waste management legislation, which requires more efficient material and energy 
recoveries. Technical improvements are outlined for different waste treatment 
and management alternatives. For instance, improved landfilling also includes 
impacts of landfill gas collection and its use as energy or in flare incineration. The 
most optimal system structure, an integrated treatment scenario, applies the best 
performing alternatives for the management of different waste streams.
Secondly, in the Pielinen Karelia case study (Okkonen 2008a), scenarios are 
applied to estimate the environmental, economic and employment impacts of 
forthcoming changes in waste and by-product management. The scenarios present 
development to the year 2015. 
The scenarios of Pielinen Karelia depict the potentials in local waste management, 
initiated by the changes in legislation in landfilling requirements. The local waste 
management system before the year 2007, current regional cooperation system, and 
the vision of the system for 2015 are constructed and compared using IE indicators. 
The vision of 2015 relies on the plan of establishing a new waste incineration plant 
for Kuopio (Pohjois-Savon ympäristökeskus 2005). The year 2015 vision assumes 
that biowaste would be separated and biologically treated either by composting or 
anaerobic digestion. Fuel incinerated would be REF-III quality, i.e. include wood 
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derived wastes, paper and cardboard, and also plastics and textiles (calorific value of 
15.9 GJ/tonne) (AEA 2001; Heikkinen et al. 2002). 
5.2 Wood energy business
5.2.1 The system definition
The analysis of wood energy business has been carried out in two case studies (Ok-
konen 2008b; Okkonen & Suhonen 2008). Okkonen (2008b) investigates the po-
tential of a wood energy enterprise in the Scottish Highlands by applying the net 
present value method in heat price simulations and profitability analysis. The evalu-
ation method focuses on the local economic aspect, even though the community 
entrepreneurship and carbon neutral energy also support social and environmental 
sustainability. Okkonen and Suhonen (2008) present the theory and practice of the 
heat energy business models supported with descriptive cases of each. 
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Figure 9. A graphic model of the business architecture and earning logics in 
wood energy production. 
The system includes two main parts: fuel supply and heat production. Fuel supply 
can be divided into forest energy harvesting (A) and by-product flow of commercial 
timber processing (B). In heat production, several business options are available 
to secure heat supply for end-users. There are also various financing and investing 
options both for fuel supply and heat production. Financing and investing has 
an impact on the organising of the ownerships, and sharing of responsibilities 
and management. Business models can be tailored to be case specific, according to 
requirements, depending on the available resources. Earning logics, presented on the 
right, are strategies to create revenues from wood heating.
Source: Okkonen & Suhonen 2008.
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Figure 9 presents the general system structure of wood energy production 
(Okkonen & Suhonen 2008). The lower part of the system presents two main 
options of raw material supply-chains, i.e. forest energy harvesting (A) and by-
product flow of commercial timber harvesting (B). In the upper part, the heat 
production system is described.
5.2.2 Heat price simulation and feasibility assessment
In Okkonen (2008b) the feasibility of a wood energy enterprise in Scotland is 
simulated, with the introduction of an 800 kW solid fuel boiler. The simulation 
starts with a certain fuel price at the silo. No detailed investigation is made of the 
supply chain structures. The analysis is detailed in the economics of heat produc-
tion, i.e. in upper part of the system graph of Figure 9.
Firstly, the economic cost structure of wood energy enterprise is generated 
resulting in the heat price formation (Okkonen 2008b)23. Secondly, heat price is 
simulated for the 800 kW solid fuel boiler, by varying both fuel costs (from 14 
€ to 22 €) and investment levels (160 000 € to 320 000 € and 480 000 €)24. 
Heat price simulation is applied to determine in which investment cost, fuel price 
levels and pay-back periods the wood heat price will be lower than heat price of 
oil-heated estates. 
The cash flows from heat production are used in profitability analysis with net 
present value method resulting in profitability scenarios for different investment 
levels and fuel prices. The break-even point, i.e. the level of investment in which 
the project remains profitable, is determined for different fuel prices. 
The net present value method is project evaluation method (Pant 1986) and 
highly suitable for the evaluation of heat energy businesses. This is because the 
establishment of a heat energy business is a long term investment project requiring 
the discount of both costs and revenues over the project’s lifespan, i.e. payback 
period of the investment. The basing of net present value method on actual cash-
flows of the wood energy business, instead of broader framework of cost-benefit 
analysis, enables better risk assessments. For instance, it is possible to simulate 
sensitivities of the heat price (see Okkonen 2008b) and include risk margins in 
the main parameters affecting the cash flows, i.e. amount of sold energy, price of 
woodchips, investment costs, interest rate and payback period. 
The analysis with net present values indicates the limits within which the wood 
heat business operation will be economically viable. In addition, the sensitivity 
analysis of heat price can be applied to evaluate how the heat price and cash-
flows would react to changes in the main parameters presented above. In terms of 
the sustainability aspect of wood energy, the analysis gives only economic terms 
but the basic assumption is that economic feasibility enables the environmentally 
positive energy schemes (when compared with, for example, fossil fuels) and also 
creates rural employment and opportunities for community businesses. 
23 At the generated cost structure (Okkonen 2008b, 227 (table 1)), the main parameters, such 
as investment costs, payback periods, interest rate, investment support and amount of sold 
energy, can be varied and heat price simulated with different preconditions.
24 The fuel price levels are determined according to Ioannidi (2002) and Priddy (2004) to 
match with own supply and market prices in the Scottish Highlands. The investments levels 
are determined according to Satakunnan ammattikorkeakoulu (2002), and are based on actual 
investment costs of heating plants in Finland.
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5.2.3 Developing the business models of wood energy
The system structure presented in Figure 9 is complemented by the financing and 
investment options and earning logics that, together with the business architec-
ture, constitute the business models of wood energy in the study areas. Research 
materials regarding the case study on heat energy business and the business model 
of heat entrepreneurship (Okkonen and Suhonen 2008) are gathered from sev-
eral sources. Data on heating units based on entrepreneurships originates from 
the Heat Entrepreneurship project of Forestry Centre of Central Finland (Alanen 
2007). The investment models and the sharing of responsibilities and ownership 
between municipalities and entrepreneurs are identified from the heat production 
contracts between municipalities and private entrepreneurs (NKUAS 2005). Busi-
ness models are also identified from the literature (e.g. Kokkonen 2005; Bertoldi 
et al. 2007) and during the number of visits to the Finnish heating units between 
the years 2004 and 200825.
In the business model design, the concepts derived from the business model 
literature are applied in the framework of heat production based on woodfuels. To 
verify the validity of business model definitions, supporting case study descriptions 
of heat entrepreneurships are presented. The case study descriptions present 
different aspects of business models, such as investments, ownerships, fuel supply, 
operation responsibilities and earning logics. Empirical cases are used to construct 
a business model theory and provide practical examples of business arrangements. 
The identified business models are the main categories based on the 
investments, financing, ownership and the roles of the public and the private. The 
listing of business models is not comprehensive, however, there are a number of 
case-specific business structures that can differ and also overlap the business model 
categories of this study.
25  Significant contribution for the business model definition has been provided by energy 
specialist studies at the North Karelia University of Applied Sciences (NKUAS), and continu-
ous development work in bioenergy projects in NKUAS since 2004. Discussions with several 
stakeholders in bioenergy have also contributed to theory building. 
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6 Results – Local resource 
systems evolution towards 
sustainability
6.1 Evolution of the waste, by-product and energy flows
The mechanisms of dematerialisation and substitution affect the development of 
material and energy flows towards the closed-loop system model of human-nature 
ecosystems (Frosch & Gallopoulos 1989; Tibbs 1992; Jelinski et al. 1992). Indica-
tors and metrics on material and energy flows are thus needed to: 1) monitor the 
current status of the resource systems, 2) compare the impacts of available tech-
nologies, and 3) predict the future evolution of systems.
6.1.1 Geographically contingent environmental, economic and 
employment impacts of the waste and by-product management
The results of waste and by-product management indicate that direct and indirect 
environmental, economic and employment impacts have both positive and nega-
tive values (see Table 1 and Figures 10 and 11). This chapter develops answers for 
the research question:
What are the direct and indirect environmental, economic and social 
impacts of waste management and utilisation in the technically and 
spatially different waste management systems of Finnish Satakunta and 
Pielinen Karelia regions?
The environmental indicator (CO
2
 equivalent emissions) suggests that the main 
potential for indirect emission savings of waste and by-product management is 
in the energy use of waste. In biowaste management, anaerobic digestion has the 
most promising emission saving potential if the produced biogas is used to substi-
tute fossil fuels in energy production (see both Table 1 and Figure 10). The ther-
mal treatment of wastes, especially the incineration of recycled fuels (REF), has a 
large amount of emission saving potential providing that recovered energy is used 
in the substitution of fossil fuels in energy production (Figure 10). If only emis-
sion coefficients are considered, the most preferred option is the co-incineration 
of high-quality REF in co-production of heat and power (CHP). However, the 
inclusion of combustible municipal solid waste streams in thermal treatment low-
ers the REF quality.
The economic costs and revenues (addressed to the local municipality or 
waste management company) indicate that the increased requirements of waste 
treatment and waste processing may also result in rising economic costs. There are 
potential indirect revenues in thermal treatment with substitution of fossil fuels, 
especially if the high-quality REF is co-incinerated in CHP (see Figure 11).
The increasing processing of waste material, and regional cooperation with 
larger units of waste management, increase the employment impacts of the waste 
management industry (see Table 1). In the waste management scenarios of the 
Pielinen Karelia case, the cooperation resulted in a net increase of about 6-7 new 
jobs. The net employment effect in the waste management sector is in low levels 
in both study areas.
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Table 1. Industrial ecosystem indicator values for Satakunta regional waste and 
by-product management. 
Five scenarios and their subsections are presented. Table presents corrected indicator 
values of Table 1 in Korhonen et al. (2004), in which a typing error occurred.
Figure 10. Direct emissions (positive values) and indirect emissions (negative 
values, i.e. emission savings) of the waste management technologies in Pielinen 
Karelia, Finland.
 
The co-incineration of REF in CHP plant creates emission savings, and because the 
materials incinerated are biomass based (mostly cardboard), also the direct emissions 
are limited. Biological treatments, composting and anaerobic digestion, also result in 
some emission savings because of the potential to substitute fossil-intensive fertilisers 
and utilise biogas as a substitute for fossil fuels. “Substitution I” means substitution of 
energy produced with fossil fuels and “substitution II” means substitution of average 
Finnish heat and electricity. 
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Figure 11. Direct costs (negative values) and indirect revenues (positive values) of 
different waste management technologies in Pielinen Karelia, Finland. Indirect 
revenues can be achieved best in co-incineration of REF and RDF in the CHP 
plant. 
Biological treatment technologies will create some indirect revenues if residues can be 
utilised as fertilisers in substituting fossil-intensive fertilisers, and if biogas is utilised in 
energy production. “Substitution I” means substitution of energy produced with fossil 
fuels and “substitution II” means substitution of average Finnish heat and electricity.
Tykkyläinen (2008) distinguishes two different types of conditions of economic 
development in a geographical space: a) necessary conditions without dependency 
on geographical context, and b) geographically contingent conditions operation-
al in certain contexts. The spatio-economic structures of waste management are 
different between the regions, and thus the impacts generated are geographically 
contingent. Based on the case studies of this dissertation, we can identify several 
geographical contingencies, affecting the level of impacts and potentialities of dif-
ferent technologies in the cases investigated, such as:
•  Large physical and time distances affect the efficiency of logistics and 
generate relatively higher costs in sparsely-populated areas.
•  Population and its density affect the total amount of wastes: in the 
areas of low waste generation, such as Pielinen Karelia, it is difficult to 
establish effective material and energy recoveries with requirements of 
new investments. 
•  The structures of industry, commerce and agriculture, also depend on 
institutional capacities and available natural resources, among other 
things, affect the types of waste generated, the institutional structures 
needed for its management, and also alternatives of cooperation and 
symbiosis in industrial production systems.
•  Macro level formal institutions (Jovanovic 2008), such as waste 
management and environmental policy and legislation, steer the waste 
management systems towards more efficient material and energy 
recoveries and integration.
Due to the geographical contingency of the waste management, large-
scale waste management on a regional scale can have greater efficiency and 
environmental benefits in terms of greenhouse gas (GHG) emissions than local 
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small-scale solutions have. Both in the Satakunta and Pielinen Karelia cases, 
regional cooperation was established to reduce GHG emissions. This resulted in 
economics of scale (Sullivan & Sheffrin 2003) i.e. larger units can operate more 
efficiently and they are more diverse (i.e. more processes and flows that can be 
integrated). For instance, in large, regional landfill sites the gases produced by 
the landfill can be harnessed and used for energy production, whereas this is not 
feasible for smaller, local landfill sites. 
In the Pielinen Karelia case, the potential benefits of using larger facilities 
outweighed the negative emission impacts arising from the associated increase 
in the transportation of waste. Provided that the waste is sorted and separated 
efficiently, thermal treatment of waste on the regional scale was found to provide 
the best waste management option as it can be used to generate combined heat 
and power, as well as avoiding the costs and environmental burden of a landfill. 
Large scale waste management was also found to have better employment impacts 
than the previous municipal waste management. 
Both case studies on waste and by-product management provided an example 
of industrial ecology, whereby impacts of a development such as waste management 
unit, can be evaluated before any major steps are taken. The indicators do not 
score the sustainability triple-bottom-line (WCED 1987), but present the scale 
and direction of selected impacts on geographically contingent systems.
6.1.2 Evolution towards the vision of industrial ecology
The evolution of the waste management systems is assessed from the perspective 
of industrial ecology and steady-state economics, where the “future landing space” 
or the desired outcome is the environmentally, economically and socially balanced 
development (Daly 1991; Korhonen 2000; Robert et al. 2000). This sustainable 
development towards this objective is a continuous path of improvements. In in-
dustrial ecology this vision, i.e. environmentally, economically and socially posi-
tive development, is named as win-win-win, i.e. benefits would be generated in 
each of the triple bottom lines (Korhonen 2004b; 2005)26. However, as Walley 
and Whitehead (1994) point out: “it is not easy being green”. The environmen-
tal improvements generate costs, and accordingly, economic efficiency sometimes 
endangers social benefits. In this dissertation, the vision of IE is considered as a 
desired direction of evolution on waste management systems, as included in the 
research question:
What is the potential of balanced and competitive environmental, 
economic and social development (win-win-win) in alternative regional 
waste management systems, and how do different technologies differ in 
achieving the win-win-win goals?
The environmental, economic and social aspects are considered separately and no 
single measure for the overall sustainability has been constructed. The valuing of 
qualitatively different impacts (e.g. environmental impact and employment) based 
on a single measure of sustainability or industrial ecology would be very challeng-
ing (Oliver et al. 2002; Korhonen 2002b; Korhonen et al. 2004).  
26  Theoretical framework of the vision of IE is presented in Chapter 2.2 on Industrial Ecology.
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In the Satakunta case (Korhonen et al. 2004), the potential of system evolution 
was identified in 1) landfill gas recovery and use for energy, 2) introduction of 
anaerobic treatment of biowaste, and 3) in incineration of refuse derived fuel 
(RDF) in power plants. The common denominator for these technologies is the 
energy recovery from waste.
Table 2. Potential of win-win-win development in the Pielinen Karelia waste 
management system. 
Base scenarios (0-scenarios) are current practices. In landfilling, a regional landfill has 
been used since November 2007. Evaluation is made by comparing indicator values 
(including both direct and indirect impacts) of waste management options to the 
indicator values of 0-scenarios. 
Environmental Economic Social
0-Scenario in landfilling (until 11/2007): Municipal landfilling, no landfill gas 
collection or energy utilisation
District landfill win lose win
Regional landfill win lose win
0-Scenario in biowaste management: Composting in municipal open or container 
build composts
District closed compost lose neutral win
District AD plant win (win)1 win
0-Scenario in waste incineration: Limited co-incineration of REF in CHP in 
Kajaani, landfilling of other wastes in municipal landfills 
REF co-incineration in 
CHP (Kajaani) win win win
REF-III co-incineration 
(Kuopio) win lose win
MSW mass-burn 
(Kuopio) lose lose win
1 Investment costs are not included in the indicators, and therefore the economic win of AD 
reactor is questionable because it would require significant new investments. 
 
The potential of a win-win-win development of waste management in Pielinen 
Karelia is summarised in Table 2. In landfilling, regional cooperation started in 
November 2007, and will result in the reduction of GHG emissions as a result 
of landfill gas collection and energy use, and increase in employment due to in-
creased transportation. Nevertheless, the economic costs of landfilling will also 
rise. In biowaste management, anaerobic digestion has the most potential for sys-
tem evolution towards win-win-win because of both material and energy recover-
ies from waste.
In the incineration of wastes, the most favourable option is to increase 
co-incineration of REF-I in CHP, which, however, is difficult due to tight 
regulations of the waste incineration directive (2000/76/EC) that also includes 
the co-incineration plants of energy production. Processing of wastes as REF-III 
(including also textiles and plastics) with high calorific value and co-incinerating 
the fuel in CHP also enables indirect emission savings and creates employment. 
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However, our economic indicator does not indicate for REF-III as good results as 
for REF-I, due to processing of fuel from non-separated waste mass and the lower 
calorific value of the final product. Mass-burn of wastes does not perform as well 
in environmental or economic terms as co-incineration of REF in CHP, but still 
creates high levels employment (mostly in transportation). 
The case studies have implemented the scenario analyses of regional waste 
management systems to find answers for the following research question:
What is the optimal structure of the local waste management system if 
the objective is the optimal model of industrial ecology, i.e. win-win-win 
development, and industrial ecosystem indicators are applied?
In the Satakunta regional system, the optimal system structure was the integrated 
model with the best performing technologies for each type of waste (Korhonen et 
al. 2004). This means landfilling with landfill gas collection and the use of waste 
in energy production, the anaerobic digestion of biowaste and the co-incineration 
of refuse derived fuels (RDF) in CHP to produce energy. The integrated system, 
consisting of the most optimal technologies for each type of waste, is better than a 
system relying on one or two technologies (e.g. waste incineration and landfilling). 
This result supports the systems idea of industrial ecology where the whole system 
is assumed to perform better than single system components.
In the Pielinen Karelia case-study, the system development was presented 
from phase I as the system before 2007, to phase II with regional cooperation to 
phase III depicting the vision of waste management system in 2015 (see Okkonen 
2008a). The optimal (and most realistic) system structure of waste and by-product 
management (after measures of waste prevention), i.e. vision of 2015, is outlined 
to include 1) the efficient source separation of biowaste at the local level and open 
composting 2) the transportation of wastes to the transfer depot and further to a 
regional waste management centre with a pre-treatment facility, 3) the composting 
or anaerobic digestion of separated biowastes, 4) the refining of separated energy 
wastes as REF and incineration in CHP plant, and 5) the controlled landfilling of 
final residue in the landfill with a landfill gas recovery system. The model is similar 
to the integrated model of the Satakunta scenarios.
The case studies indicate that heading towards a win-win-win situation is not 
easy, and there are trade-offs between the impacts on environment, economy and 
employment. Therefore, the systems always require compromises, with no perfect 
industrial ecosystem yet existing (Korhonen 2000). The development of systems 
from linear throughput to the cyclical and energy cascading roundput model is 
possible by dematerialisation and substitution (Robert et al. 2002), i.e. applying 
effective material and energy recovery technologies, such as landfill gas recovery, 
anaerobic digestion, and the refining of waste to recycled or refuse derived fuels 
with high calorific values. In biowaste management it is essential to establish 
effective control mechanisms for anaerobic degradation to avoid harmful methane 
(CH4) emissions to atmosphere. 
Waste can be considered as a valuable raw material and resource that can be used 
and refined, as other natural resources are, for alternative uses (Frosch 1994). The 
system’s diversity, resulting partly from the size of the waste management centre, 
i.e. scale-effect (Sullivan & Sheffrin 2003), can reduce the overall impacts that were 
found. This is because in a larger and more diverse industrial ecosystem it is possible 
to integrate processes and manage waste and by-product flows with the most 
suitable technologies. The scale also enables greater investments in technologies.
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6.2 Institutional and organisational evolution in wood energy
Martin (2000) presents the interaction of institutional environments and arrange-
ments as the area of key interest in institutional economic geography. Institutional 
environment refers to the systems of informal institutions, such as conventions, 
customs and routines (e.g. consumption cultures and socialised work practices), 
and the formal institutions (regulation), which control, constrain and steer the 
economic development. Institutional arrangements are practical organisational 
forms (e.g. markets, councils, firms and unions) that are governed by the insti-
tutional environment. This interaction of institutional environment and arrange-
ments provides a valuable viewpoint for the analysis of the evolution of the wood 
energy in two different spatial contexts.
The two case studies, of this dissertation, focus on wood energy production and 
business and deal explicitly with the institutional conditions of development in 
Northern Scotland (Okkonen 2008b) and Finland (Okkonen & Suhonen 2008). 
Okkonen (2008b) presents the evolution of forest management in Northern 
Scotland from the exogenous development to the endogenous and integrated 
development policies. In addition, the case study presents a feasibility study of 
an 800 kW district heating scheme that is facilitated by land reforms enabling 
communities to utilise local resources. Chapters 6.2.1 and 6.2.2 develop answers 
to the following research questions:
How has the Scottish rural development policy steered local forest resource 
utilisation, and how does it affect the current potential of forest based 
energy entrepreneurship in the Highlands of Scotland, and
What is the economical feasibility of woodheat-based small-scale 
entrepreneurship in the Highlands of Scotland?
When establishing the wood energy business, essential questions are how to set 
up the business architecture (e.g. fuel supply chains, heating plant and network) 
and the earning logics of the enterprise. These aspects are covered by Okkonen & 
Suhonen (2008), where the conceptualisations and business model ontology are 
developed for Finnish heat energy business. Chapter 6.2.3 develops answers on the 
following research questions: 
What are the applicable business models in heat entrepreneurship based on 
wood fuels in Finland? How can these models be applied in practice?
6.2.1 Evolution of the institutional context of forest resource management 
in the Scottish Highlands
Institutional regime, consisting of institutional environment and arrangements 
(e.g. types of organisations) and their interaction, is evolutionary, contextual and 
carries local histories (Martin 2000). Martin notes that generally the institutional 
regimes have a large historical load, and are path-dependent, place-specific, and 
results in spatially different conditions for the systems evolution. The institutional 
regime affecting land ownerships and resource use in the Highlands of Scotland 
has been described in Okkonen (2008b), where Scottish forestry policy has been 
categorised into phases of exogenous, endogenous and integrated development. 
The evolution of the forestry policy is defined here as an evolution of institutional 
environment, also affecting the evolution of institutional arrangements, i.e. what 
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organisations have come into existence, how they function and evolve. Institu-
tional arrangements, such as organisations regarding community land-ownerships, 
and are affected by, and have an affect on, the institutional environment.
In Scottish forest policy, the exogenous, i.e. externally determined, development 
policy took place between the the 1920s and 1980s (Oosthoek 2001). It included 
large afforestation programmes reasoned by a need to create a strategic timber 
reserve for Britain, and from the 1960s onwards by a need to produce timber for 
growing forest industries in Scotland and England. External institutional measures, 
such as tax concessions and grant schemes for external actors (e.g. insurance 
companies and pension funds) were established, and dedication schemes were set 
as a prerequisite for receiving financial grants from the Government (Tsouvalis 
2000). These measures resulted in the favouring of ill-suited fast growing tree 
species over native tree species. New types of institutional arrangements appeared, 
such as afforestation organisations operating for external agents and forest villages 
with only seasonal employment during the plantings. New coniferous forests were 
effectively established, many in areas not suitable for forestry (peat and moor 
lands), resulting in the landscape of vast even-aged short rotational monocultures 
with artificial linear appearances. 
From the late 1980s, an endogenous development approach started to emerge 
with more appreciation for local development aspirations and needs. Communities 
started to show their interests in local forests that they were not able benefit 
from. The result of the exogenous policy and institutional arrangements was a 
softwood surplus expected to be up to 5 million cubic metres in 2020 (Scottish 
Executive 2005). At the same time the price paid by the distant forest industries 
was at a low level thereby favouring the local use of timber. The exogenous policy 
changed toward endogenous supported by emerging environmental awareness 
with protection of landscape, the restoration of natural peat and wetlands, 
wildlife conservation, biodiversity improvements by promotion of indigenous tree 
species. For the multi-purpose use of local forests, community forestry trusts were 
established from 2000 in cooperation with the Scottish Forestry Commission. 
A new institutional arrangement, the community forestry trust, is facilitated 
by the change of externally determined institutional environment from exogenous 
development policy to endogenous development and integrated development 
policy. Integrated development refers to the national and European Community 
level policies organised as programmes and projects (Terluin 2003). This 
integrated policy includes new types of institutional arrangements, such as 
promoting community land ownerships and joint management agreements for 
local forests (between the Forestry Commission and Forestry Trusts), facilitated 
by the Land Reform Act of 2003. In addition, European Union projects have 
emerged supporting local forest land management and environmental protection. 
The approaches of the Scottish forestry policy were found to follow the stages of 
rural development approaches presented earlier by Lowe et al. (1998), Ray (1999; 
2000), Terluin (2003), among others. The most recent stage, with the community 
based development, supported by the Scottish Executive (2006a; 2006b) in its 
development strategies, can be seen to be promising for wood energy development 
in Scotland. This is because development policies have opened up access to forest 
fuel resources that can be utilised in the creation of new local employment as well 
as increase availability of low-cost energy. 
73
6.2.2 Feasibility of a wood energy enterprise
The establishment of a new industry of biomass based energy is not easy even if 
there are plenty of suitable fuel resources available. The technological innovation 
appears to be more easily promoted in certain institutional environments (Martin 
2000). The presence of a well-developed enterprise culture, supporting regula-
tory and promotional agencies, research and development agencies, committed 
financial structures, demanding clients, local competition, as well as the formal 
and informal systems for the exchange of information and knowledge enable the 
adoption of innovations, and thus the system’s evolution (Camagni 1991; Storper 
1997; Martin 2000; Jovanovic 2008). My observation is that the institutional 
environment of wood energy is in an early development phase in the Scottish 
Highlands. Wood energy markets and supporting institutions co-evolve, which 
provides research opportunities and subsequently economic systems’ evolution. 
My consideration is that communities involved in forestry, i.e. community 
forestry trusts, are suitable institutional arrangements for small-scale wood energy 
schemes, as they have access to the forest resources, and are eligible for a high-level 
of capital grants (up to 40 %) to renovate the heating systems of public buildings 
(community halls, schools and leisure centres) and to invest in machinery and 
building sites. In addition, they can cooperate efficiently with other local agents, 
such as SMEs in boiler assembly and maintenance, for gaining mutual benefits.
Okkonen (2008b) carried out a feasibility assessment of a wood energy 
enterprise in the Scottish Highlands, for an 800 kW solid fuel boiler. This type 
of heating plant, providing heat, for example, for a community centre, hotels 
and private houses, could be established by an entrepreneur/enterprise, such as 
community forest trust or cooperative. The results indicate that a district heating 
(DH) system, using locally produced woodchips, could produce heat at a lower 
price than single house heating systems using fuel oil. However, this result is 
dependent on several preconditions presented below.
In the conducted heat price simulations (Okkonen 2008b), fuel prices (the 
price of woodchips at the silo) varied between the own supply price of 14 €/MWh 
and available market price of 22 €/MWh. Investment costs varied from 160 000 €
to 320 000 € and 480 000 €, based on the variation of investment costs in 
Finnish cases (Satakunnan ammattikorkeakoulu 2002). It was found that in the 
applied fuel prices, the available support level of 40% and 12 years payback, the 
investments should remain under the break-even points of 287.5 €/kW heating 
power (in 22 €/MWh fuel price) and 418.5 €/kW heating power (in 14 €/MWh 
fuel price).
It is important to note that investment support of up to 40% is needed to 
replace heating systems in single buildings with a DH scheme, especially if the 
replaced systems are not considered to have any paybacks of the investments. 
The heat price simulation and sensitivity analysis indicated that heat price was 
most sensitive in terms of the amount of sold energy and the price of woodchips. 
Therefore, the right scaling of the heating plant, as well as the efficiency of the fuel 
supply chain are both important factors for profitable businesses. 
In order to replace an entrenched technology, such as oil boilers, the new 
technology must have much better qualities, especially in terms of price, than 
the replaced one (Jovanovic 2008). The lock-in effect (Martin 2000) means over-
commitment to certain technologies for various reasons with connections also 
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to institutional evolution. Institutional environment, such as policy, legislation, 
financial support, culture, for example, openness to change, earlier investments of 
capital and time, people being used to certain routines, as well as convenience in 
use, all affect the adoption of biomass based heating. The breaking of the lock-in 
requires cost-efficient production of wood energy, requiring economic steering 
mechanisms, such as investment supports.
6.2.3 The heat energy business model 
A heat entrepreneur or heat enterprise can be defined as a single entrepreneur, 
entrepreneur consortium, company or cooperative providing a heating service for 
a community (Okkonen & Suhonen 2008). In Finland, heat entrepreneurships 
have developed since the early 1990s and by the end of 2006 the number of energy 
entrepreneurship based heating plants was already 330, with an aggregated boiler 
capacity of about 180 MW (Alanen 2007). 
The heat entrepreneurships are based on locally produced woodfuels, which 
is a substitution for the imported fossil fuel-oil. In terms of carbon cycle, this 
substitution is a development towards the roundput model of industrial ecosystem 
(Korhonen et al. 1999; Korhonen 2000; Snäkin 2004; Niutanen 2005). In 
addition, the material cycle is improved when by-products are refined or utilised 
directly as fuels in energy production.  
The development of new SMEs taking care of former municipal services has 
been facilitated by the favourable institutional environment, i.e. the systems of 
formal and informal institutions (Martin 2000). The favourable conditions 
with suitable resources, technologies, subsidies, supporting organisations and 
cooperation have affected the development of heat energy businesses as follows:
•  Finnish heat entrepreneurs often have experience in forestry and the 
available machinery for supply-chains of energy wood. In addition, 
there are suitable technologies available for energy wood harvesting. 
•  The harvesting of energy wood from thinnings of commercial forests 
has been subsidised and as a result has a significant price advantage to 
fuel oil (Hakkila et al. 2004).
•  The technological development in solid fuel boilers, especially in the 
late 1980s has enabled the efficient use of wood fuels in small-scale 
district heating schemes.
•  There has been government investment support for capital costs of 
heating plants and networks.
•  Municipalities have often remained as owners of heating plants and 
networks enabling cooperation models between the public and private 
actors and thus reducing the financial risk of the operation (Okkonen 
et al. 2005).
•  Several other factors, such as competition between the SMEs, consumer 
requirements regarding service quality, exchange of both codified 
and experience-based knowledge (training of heat entrepreneurs, 
development projects and mutual interaction), culture of SME 
entrepreneurships, associations in forest ownership and bodies informing 
in forest management have also facilitated system development.
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As Martin (2000) noted, a favourable institutional environment enables economic 
development and particular institutional arrangements. An interesting economic-
geographical question is; what kind of organisations have come into existence, how 
do they function, and how are they influenced by the institutional environment.
The business model concept, and its sub-concepts, is applied in a short review 
of current heat energy businesses in Finland (Okkonen & Suhonen 2008). Even 
if the wood energy businesses have existed in Finland for almost two decades, 
there has not been well-established definition of the heat energy business model 
concept. However, that kind of applied concept is needed to frame the main 
building-blocks of the businesses and simplify the practices in this diverse field 
with manifold and often case specific practices. 
Okkonen and Suhonen (2008) define a business model consisting of two parts, 
the business architecture of product/service flows and the earning logics:
1. Business architecture for product/service flows including: 
a) Establishing the heating plant and district heating network
b)  Organising the wood fuel supply chains
c)  Defining ownership and responsibilities between all the stakeholders 
involved, such as sellers and buyers of the service, subcontractors and 
fuel producers
2. Earning logics includes strategies to generate and maintain profitable 
and sustainable business operations. The strategies are: second/third 
party financing, safeguarding the markets, value added by holistic value 
chain management, complementary partnerships, and networking and 
subcontracting
The identified business models of heat entrepreneurships are public companies/
utilities, public-private partnerships, private companies and cooperatives, Energy 
Saving Concept/Company (ESCo), network model of large enterprise and fran-
chising (Okkonen & Suhonen 2008). The practices of each model, in terms of 
both business architecture and earning logics, are context specific. 
The application of the business models requires three stages. Firstly, the 
business and profit targets, business size (e.g. part or full-time), accepted risk levels 
and the payback plan of investments must be set. Secondly, a careful analysis of 
the operational environment of the business is needed, including identification of 
available markets (heat demand), resources, physical geographical conditions, and 
formal and informal institutions supporting or hindering the business. Thirdly, 
possibilities may exist for using external financiers, complementary partnerships, 
networks or subcontractors for filling the gaps and improving both the technical 
and economic reliability of the business.
6.3 Validity and reliability of the results
Yin (2003) presents four categories for evaluating the research designs: construct 
validity, internal validity, external validity and reliability. These categories are ap-
plied here to evaluate the validity and reliability of the results.
The construct validity means the establishment of correct operational measures 
for the objects that are studied. In cases focusing on waste and by-product 
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management, each triple-bottom line of IE vision and sustainability was represented 
by one indicator. For instance, GHG emissions represent the environmental 
dimension of impacts. Indicators are not considered to be representing the total 
sustainability, but also other factors should be included in overall evaluations. 
Moreover, the indicators have direct relevance in environmental, economic and 
social decision-making. 
Construct validity can be established by using multiple sources of evidence, 
as is done in simulating the impacts on the two different cases. The results were 
comparable to other waste management studies (e.g. Pipatti et al. 1996; AEA 
2001; Tuhkanen 2001). Yin (2003) also notes that the chain of evidence supports 
the construct validity. The evidence chain was used by Okkonen (2008b) to 
integrate the development of Scottish forest policy to the wider framework of 
rural development theory.
Internal validity means the establishment of causal relationships, whereby 
certain conditions are proven to lead to other conditions. These relationships are 
distinguished from spurious relationships (Yin 2003). The causal relationships in 
the modelling of emissions, costs and revenues, or employment impacts, are based 
on verified emission modelling methods, methods of cash flow analysis and net 
present value, as well as coefficients derived from research literature. 
To construct external validity, the analytical generalisation is applied in all 
case studies. External validity also establishes the domain to which results can be 
generalised, i.e. are they applicable in different regions, or other types of resource 
systems? This question has been considered in the results of this introductory part 
of the dissertation. Overall we have identified case specific conditions and impacts 
of economic actions. The systems approach, evolutionary perspective, as well as 
applied methods are applicable in other regions and types of resource systems. 
However, the results of the modelling of waste and by-product management or 
feasibility assessment of a wood energy enterprise are case specific. The results 
of waste and by-product modelling are at the same levels as in other studies (e.g. 
Pipatti et al 1996; AEA 2001; Tuhkanen 2001), but as the key parameters have 
case specific differences, no direct application of the results to other regions can 
be conducted.
In the modelling of the impacts of waste and by-product management, the 
reliability of the applied parameters was improved by using multiple-sources of 
research literature and determining the most applicable parameters for the Finnish 
conditions. In addition, modelling was repeated to eliminate errors; results 
were compared to other waste management studies and sensitivities of the main 
parameters were simulated by varying parameter values between 5% and 20% 
(Okkonen 2004). The replication of the whole study was not conducted, but the 
same research setting was applied in two case studies with comparable outcomes. 
In evaluating the feasibility of wood energy enterprise in Scotland, the 
sensitivities of the main parameters affecting the heat price were simulated 
(Okkonen 2008b). The sensitivity analysis enables the identification of the risk 
in business establishment, i.e. the impacts of fuel price or demand changes to the 
heat price and overall business performance.
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7 Evolutionary systems at 
a local scale of advanced 
resource utilisation
The economic activities investigated are contextual, i.e. situated in physical and 
human geographical systems with interlinking material and energy flows and so-
cial, institutional and cultural relations (Granovetter 1985; Bathelt & Glückler 
2003). Systems are also path dependent, meaning that the earlier actions, deci-
sions and system structures impact on the composition and functioning of the 
present system and its evolution (Bathelt & Glückler 2003). The path dependency 
was identified in Scottish forestry, where earlier exogenous development policy 
with a wide range of afforestation of coniferous forests enables the procurements 
of renewable fuel for current energy schemes. Accordingly, the waste management 
systems of Satakunta and Pielinen Karelia have been re-structured according to 
changes in EC waste management and environmental policy and legislation.
The economic actions are geographically contingent, and thus actions can not 
be predicted only by universal laws (Bathelt & Glückler 2003; Tykkyläinen 2008). 
The case studies of this dissertation present geographical contingencies of the 
systems development, such as distance, availability of natural resources, production 
structures and formal and informal institutional environments. The evolutions of 
wood energy in Scotland and Finland are affected by different spatial institutions 
and cultural contexts, and thus will result in different types of outcomes.
Storper (1997) identifies technologies, organizations and territories, i.e. 
a holy trinity, as the constituent pillars of economic geography through which 
economic and social processes and their interactions can be analysed. Firstly, 
technological change is considered to be at the heart of economic geography for 
it enables the development of new products and processes. Technological change, 
such as improved biowaste management or incineration technology, facilitates 
the circulation of the material and energy flows towards the roundput model of 
industrial ecosystem, with both energy cascading and cyclic material flows. 
The second pillar in Storper’s holy trinity, i.e. organisations, refers to the 
organisations of firms and networks, and how they are impacted by the institutions 
(Storper 1997). Storper emphasises the role of context specific institutions in 
shaping the organisations and economic development. 
The organisation of local and regional waste management systems are steered 
and shaped by the formal institutions, such as EC waste management policy and 
legislation. The Pielinen Karelia case study presents the impacts of regulation at 
the local level, where tightening of legislation regarding landfill structures and 
biowaste management has resulted in the closure of small municipal landfills and 
the establishment of new regional cooperation.
The community forestry trusts resulted from path dependent political process of 
the restoration of community rights to woodlands (Okkonen 2008b). The evolution 
of the institutional environment has enabled a new economic sector that is small 
scale wood energy production run by local community groups and entrepreneurs. 
Innovations, both organisational and technological, are essential part of 
technological systems evolution. They are new ways of thinking, as well as the 
generation of new products, processes, services and organisations (Bathelt & 
Glückler 2003; Rogers 2003), and they are associated with processes of knowledge 
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generation and interaction. Their generation and adoption is a process with several 
acceptance stages, which are greatly affected by spatially contingent institutional 
conditions (Madlener & Artho 2005). As the case studies reveal, innovations are 
not only inventions on new products and processes, but also include local intelligent 
combinations and integrations of existing material and energy flows and processes, 
established in order to gain better performance of the industrial ecosystems.
The development of heat energy business models are part of the development 
of organisational innovations. Organisational innovations of heat production, 
such as new types of cooperation and the establishment of earning logics, are 
often generated in the spatial and cultural proximity, interaction and exchange of 
know-how and experiences. For instance, heat entrepreneurs are linked together 
via networks of projects, education and supporting associations.     
The third pillar of Storper’s holy trinity is the territory (Storper 1997). The co-
evolution of the organisations and technologies can be analysed in their spatial, 
territorial contexts. These co-evolutionary developments are likely to result in 
new innovative products and processes, and eventually in systems change and new 
economic landscapes of production and consumption. The case study regions differ 
both in their physical and human geographical environments. Therefore, the impacts 
of waste management or the economics of heat production will not be directly 
universally applicable. The results present the existence of systems interdependencies 
and interlinking of material and energy flows controlled and steered by spatially 
contingent institutional conditions and resulting to economic evolution and certain 
types of impacts and economic landscapes. The methodological approaches and 
methods of the case studies are applicable in other regions. As Bathelt & Glückler 
(2003) suggest, space is applied as a lens or perspective on geographical research, 
i.e. it is not be applied as the main unit of study but provides perspective and draws 
attention to the local representations of economic development.  
The economy can be described as evolutionary and constructing new economic 
landscapes (Faber & Proops 1996; Boschma & Frenken 2006; Tykkyläinen 2008). 
Faber & Proops (1996, 205) describe the evolution process analogous to biological 
systems in an interesting way: “Just as biological systems can be described in terms 
of genotypes (potentialities) and phenotypes (realisations), so can economies. 
The set of ‘techniques of production’ available to an economy, together with the 
preferences of the consumers, the legal system in force and the natural resources 
available, specify the potentialities (genotype) of the economy. The economic 
activity that occurs, in terms of quantities and prices of goods produced, the 
distribution of income and wealth, and the environmental impact of this activity is 
the realisation of these potentialities (i.e. the phenotype)”. However, the economic 
evolution takes place via innovations and decisions in social-evolutionary 
mechanisms and not by genes and chance as in biological evolution.
The constructed model on economic evolution of the resource management systems 
(Figure 12) applies the categorisation of evolution potentialities and realisations (Faber 
& Proops 1996). The case studies of this dissertation have identified geographically 
contingent conditions for the systems’ evolution, such as resources, technologies, 
organisations and institutions. The economic intertwined processes of waste and by-
product management and bioenergy production are contingent to spatially variable 
conditions, and are evolutionary under contextual social-evolutionary mechanisms 
(Modelski 1995) and produce certain system realisations (phenotypes), including 
economic structures, landscapes of economic production and consumption, as well 
as environmental, economic and social impacts. 
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As Modelski (1995) states, general socio-evolutionary mechanisms affect the 
evolution of the natural resource system. The concepts derived from evolution 
theory, and presented here as here as an indicative list are: variety creation, 
selection, cooperation, integration, preservation and transmission. Variety creation 
is evident when evolution takes place in differing contexts. The variety produces 
diversity, and diversity enables more options of the integration of, for example, 
technologies and material, as well as energy flows. Therefore, the essential question 
in the designing of industrial ecosystems may not be the search of similarities 
of components and flows, but rather finding differences and complementarities 
enabling their integration via material and energy27. In economic competition the 
selection of the fittest takes place in the limits of natural ecosystems. However, 
the conditions affecting the selection can be steered via institutional evolution. 
For instance, economic steering mechanisms of taxation and investment supports 
affect the selection of technologies applied in energy production systems.
Figure 12. Synthesis of the evolution process of natural resource management 
systems. Systems evolution is based on its potentiality to evolve, i.e. genotype of 
the system. 
Potentiality includes geographically contingent conditions for system evolution, such 
as resources, technologies and institutions. The economic processes and interactions of 
actors (including processes of system control, such as decision-making) are steered by 
the general socio-evolutionary mechanisms of variety creation, selection, cooperation, 
integration and preservation and transmission. Economic processes and interactions 
result in the realisation of the natural resource system evolution, i.e. phenotype of 
the system. Impacts of the evolution are geographically contingent, and include, for 
example, new structures, economic landscapes of production and consumption, and 
socio-economic and environmental impacts. Economic processes and states of the 
natural resource systems can be partly monitored, controlled and steered. In addition, 
the evolution of these industrialised ecosystems can be increased at a much faster pace 
than in natural ecosystems. 
Sources: Created on the basis of Modelski 1995; Faber & Proops 1996; Tykkyläinen 
2008 and the results of the conducted case studies of this dissertation.
27 Author appreciates discussion on this topic with Professor Donald Huisingh (University of 
Tennessee) at the University of Helsinki, June 2002.
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 The mechanisms of cooperation and segregation refer to the symbiotic 
relations between the components of resource management systems. These 
kinds of symbiotic relations where organisations or processes are interlinked and 
dependent on each other are increasingly common (e.g. Ehrenfeld & Gertler 
1997; Schwarz & Steiniger 1997). The integration of the properties of several 
organisations can also result in new organisational innovations, as were identified 
in the case study on heat energy businesses in Finland. 
Cohen-Rosenthal (2000) adds an important aspect of symbiotic connections 
of IE clusters, i.e. the fact that social aspects of industrial ecology stretch beyond 
the interorganisational relationships to the larger community and social contexts. 
Accordingly, in this dissertation the linkages and dependencies of resource 
management systems at the institutional context of different spatial spaces have 
been identified. Various evolutionary institutional environments affect the 
institutional arrangements and the evolution of the resource management systems 
at a local level. 
The control mechanisms are needed not only to steer the systems toward 
desired states, but also for evolution. The transmission of innovations takes place 
via different channels of exchanging know-how, expertise and technologies. 
Economic processes and states of the natural resource systems need to be 
monitored and controlled to some extent. The monitoring of the system states and 
impacts of economic processes and interactions improves knowledge and enables 
the intentional development of the systems. The cultural evolution, which takes 
place at a much faster pace than the evolution of natural ecosystems, enables rapid 
system changes. However, without well assessed future objectives, this evolution 
can result in dead-end and environmentally, economically and socially unwanted 
impacts. 
7.1 The systems in evolution – future research needs
As presented in the synthesis of the evolution process (Figure 12) resource sys-
tems evolution is a process including 1) the potentiality and geographically con-
tingent conditions of evolution, 2) spatial economic processes and interactions 
between actors, and 3) realisations of the evolution process to systems phenotype 
and geographically contingent effects of evolution. The evolution process can be 
studied, for instance, in terms of spatial conditions of evolution, interactions of 
actors, and realisations of evolution, such as new economic structures or socio-
economic and environmental impacts. In addition, the evolution process can be 
studied in several levels of aggregation, including for instance: 1) micro-levels of 
entrepreneurships and histories of economic actors, 2) meso-level of industrial 
dynamics and network analyses, and 3) macro-level of spatial systems, structural 
and policy changes (Boschma & Frenken 2007). The process features of natural 
systems evolution, and opportunities of aggregation of several levels of evolution, 
both support the use of an evolutionary systems approach as a research framework 
in economic geography.  
At the micro-level, studies applying the evolutionary systems approach could 
improve the understanding of entrepreneurships and firm dynamics regarding 
natural resource management. Better understanding is needed of mechanisms 
leading to spatially uneven numbers of entrepreneurships and successes in natural 
resource management. They are affected by the available natural resources, but 
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also by local institutional contexts, such as innovation networks or local tacit 
knowledge and routines of firms. In addition, the path dependency and impact of 
a firm’s history regarding location and operation are relevant for understanding the 
current economic structures and assessing future evolution potentials. 
At the organisational level, the development of industrial ecosystem can be 
analysed in terms of its organisational routines, adaptation strategies in changing 
the operational environment or knowledge spill-over to the supporting companies. 
At the micro-level research of small and medium size enterprises, evolution studies 
could have much to say in analysing competitive advantages and industrial 
niches. As the operational environment of the resource management evolves, 
the adaptation strategies of different sizes and types of enterprises could provide 
models for the preservation or diversifying of businesses.
Development of heat energy business models is in the starting phase. More 
research is needed, especially on the business models along the forest fuel supply 
chains. In addition, the factors affecting the establishment of new enterprises, 
economic profitability and performance, as well as local socio-economic impacts 
of different business models could be further investigated. An interesting technical 
research topic would be the potential of combined heat and power production by 
heat enterprises, which could be facilitated by economic steering mechanisms and 
policies towards a more sustainable development. 
The evolutionary approach can be applied at the meso-level with industries 
as a starting point. Previous studies have focused much on spatial phenomenon 
of concentration and de-concentration of industries over time (see e.g. Arthur 
1994; Boschma & Frenken 2003). From the industrial ecology perspective, the 
concentration and interlinking of industries to industrial ecosystems has great 
importance. The evolution of industrial ecosystems has been earlier outlined from 
type-I throughput systems to type-III roundput systems (Jelinski et al. 1992). 
The spatial co-evolution of industries and their institutional contexts could be 
investigated using the case study approach providing more understanding of 
industrial dynamics and evolution of industrial symbiosis. The identified concrete 
research needs are for instance: the generation of spin-offs from industrial 
symbiosis, impact of generated spin-offs to the system’s future evolution, how 
local industrial symbiosis and institutional contexts co-evolve, and what kind of 
evolution mechanisms appear in different stages of the life-cycles of enterprises (in 
growing or declining industries).
Network analysis, for instance, by applying the tools of social network analysis 
(Carrington et al. 2005), could increase our understanding both of the structures 
of resource management, and diffusion and spill over of know-how between the 
economic actors. One research topic for analysing the spatial of the networks and 
their institutional contexts could be the heat entrepreneurships. According to 
the author’s knowledge, Finnish heat entrepreneurships have evolved since the 
mid-1990’s largely based on social networks and exchange of know-how between 
entrepreneurs. 
Evolution at the macro-level of analysis often relates to the structural change 
of cities, rural areas and regions. Boschma and Frenken (2007, 12) describe this 
evolution in a straightforward manner: “Cities and regions that are capable of 
generating new sectors with new product life-cycles will experience growth, while 
cities and regions that are locked into earlier specifications with mature life-cycles 
will experience decline. Importantly, there is no automatic economic or political 
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mechanism to ensure that cities or regions will successfully renew themselves”. 
The macro-level structural change (either divergence or convergence) is an 
essential research field in advanced resource economics: how certain places and 
sectors are involved in the generation of new sectors and products, what are the 
expected developments in local resource management systems, and how to provide 
supporting institutional contexts for the sector’s renewal (cf. Krugman 1991).
Finnish waste management is experiencing a major change, including closure 
of hundreds of landfills and the establishment of a number of waste treatment 
and incineration facilities. This change calls for research on the sector’s renewal 
processes, and impacts of these in terms of environmental economic and social 
dimensions. In addition, the sector’s evolution should be connected to the other 
sectors’ evolution: the evolution at the waste and by-product management systems 
should correspond to the evolution taking place in other societal sectors, and thus 
enable macro-scale economic growth.
Resource management is constantly evolving, which calls for the development 
of tools for both monitoring and evaluating the systems. The developed method of 
industrial ecosystem indicators and modelling for the purpose of local economic 
development has challenges for further development. The inclusion of time-series 
data and dynamic modelling, the parameters and indicators could be applied 
better in follow-up studies of waste and by-product management. The impacts of 
the waste and by-product management could be also categorised in multilayered 
manner, i.e. if they are direct/indirect, positive/negative, who they are addressed to, 
and what is their significance. This kind of more detailed investigation of the direct 
and indirect impacts of waste management would enable a more accurate system 
design for the avoidance of the still emerging problem displacements and provide 
more detailed information for decision-making. In addition, the interconnections 
of different subsystems need to be further studied to identify and verify the indirect 
impacts. In addition, if possible, the three aspects of environmental, economic and 
social impacts could be integrated into one IE indicator to find a single optimal 
solution.
At the macro-level, the evolutionary approach also includes studies regarding 
evolution of formal institutions (e.g. policy and legislation) that facilitate the 
resource system evolution. An interesting theme would be the differences between 
EC policy and legislation compared to the local policies and norms in achieving 
the desired systems’ evolution at the local level. As a concrete research topic, 
a long-term evolution of the forest management system in Scotland would be 
worth following-up. Follow-up studies and comparisons on forest policy and local 
communities’ role in utilising forest resources could provide valuable information 
for the development of spatial resource economics. The Scottish wood energy 
sector could also benefit in the development and application of heat energy 
business models in Finland. The transfer of know-how and technologies is not 
a straightforward process as local physical and institutional environments set 
many preconditions and constraints. Therefore, the co-evolution of wood energy 
markets and institutional environment provides important research opportunities, 
potentially contributing to market developments and local economies.
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